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Abstract 
 
Theoretically, covalent functionalised carbon nanotubes (f-CNTs) are supposed to be effective 
reinforcement fillers to improve the mechanical properties of the brittle epoxy in a significant 
extent.  The mechanical properties (tensile strength, Young’s modulus, etc) of the CNTs are 
much higher than the properties of the epoxy resins.  In addition, for f-CNTs, the covalent 
functionalisation methods are good ways to improve the CNT/epoxy interfacial bonding 
strength and the miscibility of the CNTs in the epoxy.  However, there is still no satisfied 
functionalisation method to improve the performance of the CNT/epoxy nanocomposites (NCs) 
in a significant content.  The reason can be concluded as the conventional covalent 
functionalisation methods damage the CNT scaffolds so the benefits of the functionalisation 
are overshadowed. 
 
In this project, f-CNTs modified by a new damage-free functionalisation method, 
thermochemical grafting (TC) approach, were used to reinforce an epoxy.  The grafting 
chemicals were glycidyl methacrylate (GMA) and methyl methacrylate (MMA), respectively.  
For comparisons, NCs reinforced by as-received (non-functionalised) CNTs and three different 
commercial functionalised amine-CNTs were prepared.  A high shearing method to do the 
CNT/epoxy mixing was built and two different stirrers were used to produce NC samples 
separately.  In the tensile tests, NCs made via a two blade stirrer were produced and tested.   
The NCs reinforced by 0.25wt% GMA grafted CNTs showed a better elongation property 
(strain improvements from the pure epoxy:18.12%) than the NCs reinforced by other kinds of 
CNTs (strain improvements from the pure epoxy: around 10.00% or less).  Meanwhile, the 
commercial covalent functionalised CNTs reduced the elongations (strain reductions from the 
pure epoxy: 10% or higher) of the NCs. In the fracture toughness tests, NCs made via a 
dissolver disk were produced and tested.  It was found that GMA grafted CNTs improved the 
model I fracture toughness of the NCs, from the pure epoxy resin, with a significant number of 
16.48%.  This number is higher than the other NCs.  The influences of the surface 
functionalisation on the CNT dispersion state are discussed.  In addition, the failure 
mechanisms of the NCs reinforced by different kinds of CNT/f-CNTs are identified and 
discussed.     
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List of Abbreviations 
 
The following are the abbreviations used in this report and their corresponding meanings.   
 
CNTs Carbon nanotubes 
CVD Chemical vapour deposition 
DSC Differential scanning calorimetry 
∆𝐺𝑚 Gibbs free energy change for a polymer-solvent mixing process 
GMA Glycidyl methacrylate 
 HS High shearing overhead stirrer 
𝐾𝐼𝐶  Stress intensity factor 
MMA Methyl methacrylate 
MWCNTs Multi-walled carbon nanotubes 
NCs Nanocomposites 
𝑛1 The number of moles of the solvent (component 1) 
𝑛2 The number of moles of the polymer (component 2) 
R Gas constant 
OM Optical microscopy 
PBO Polybenzoxazole 
PS Thermoplastic 
SEM Scanning electron microscopy 
SWCNT Single-walled carbon nanotubes 
T Temperature (absolute temperature) 
TC Thermochemical 
TEM Transmission electron microscopy 
TS Thermoset  
US Ultra-sonication 
𝑉𝑠𝑒𝑔 The actual volume of the polymer segment 
α  stiffness ratio of the matrix to the CNT 
δb critical shear displacement 
𝛿1 The Hildebrand solubility parameter of the solvent (component 1) 
𝛿2 The Hildebrand solubility parameter of the polymer (component 2) 
𝜈𝑚  poison ratio of the matrix 
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𝜒12 The interaction parameter between the polymer and the solvent 
∅1 The volume fraction of moles of the solvent, (component 1) 
∅2 The volume fraction of moles of the polymer (component 2) 
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Chapter 1: Introduction 
 
Carbon nanotubes (CNTs) have extraordinary mechanical properties and have attracted huge 
interests since their discovery in 19911,2. CNTs have many applications but one of the most 
promising ones is their applications in thermoset (TS) based polymer composites, especially 
CNT reinforced polymer nanocomposites (NCs)3,4.  CNTs are used to improve the mechanical 
and physical properties of the brittle polymer matrix5,6. The matrix in the composite transfers 
the load to the CNTs, so theoretically, the composite should have a higher Young’s modulus 
and  tensile strength than the matrix (load transfer effect)1,7.  
 
However, the mechanical performances of current NCs are not satisfactory, compared with the 
expected values obtained from the model predictions3,8,9,10. This has been attributed to the 
difficulties in controlling the CNT dispersion with high CNT loadings (greater than 2wt%)3,11. 
NCs with a poor CNT dispersion always show unsatisfactory mechanical properties. A poor 
CNT dispersion state means that there are a number of big CNT agglomerations in the 
composites.  The reason of it is because that CNTs have huge surface areas and strong intertube 
attractions. Therefore, they tend to form agglomerations and it is difficult to separate the CNTs 
from each other.  Big CNT agglomerations work as defects in the NCs and lower their 
mechanical properties.  It has been suggested that the difficulties in controlling the CNT 
dispersion state at high CNT loadings can be solved by modifying the CNT surfaces. However, 
some of these modification methods create topological defects in the CNTs walls and lower 
their qualities3,12,13,14.  The low quality CNTs break at lower loads than high quality CNTs thus 
lower the mechanical performance of the composites. In addition, such functionalisation 
methods have low output rates and hence not appropriate for mass productions15,16.  
 
Recently, a new method called thermochemical functionalisation was developed to solve those 
problems, by Professor Milo Shaffer’s group, in Imperial College London.  This method 
produces high quality functionalised CNTs in a high output (several kg per hour).  However, 
these functionalised CNTs had not yet been applied to the making of NCs.   
 
In this project, the first work of the study was to set up a scalable manufacturing route to 
produce high performance NCs.  In this process, several different manufacturing routes were 
tried to find the optimised processing route.  After the production route had been determined, 
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NC specimens were made.  The CNT fillers used contains as-received CNTs, two 
thermochemical functionalised CNTs and three commercial functionalised CNTs.  Then these 
NC specimens were subjected to tensile tests and fracture toughness tests.  The CNT dispersion 
states of the NCs were checked as well. Whether these functionalised CNTs can improve the 
mechanical properties of the composites better than conventionally functionalised CNTs were 
identified.  In addition, the fracture surfaces of some samples were viewed to identify their 
failure mechanisms.    
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Chapter 2: Background & Literature review 
 
2.1 Carbon nanotubes (CNTs) 
 
2.1.1 Introduction 
 
Carbon nanotubes (CNTs) are promising materials and have many applications.   The structure 
of a CNT could be described as a one dimensional (1D) molecular cylinder17. There are two 
major types of CNTs: multi-walled nanotubes (MWCNTs) and single-walled nanotubes 
(SWCNTs)18.  Their structures are illustrated in Figure 2.1.  The main chemical bond in CNTs, 
C-C bond, is sp2 hybridized orbital, which is the source of the distinguish properties of the 
CNTs19.  According to past studies, the Young’s modulus of the CNTs are in terapascal (TPa) 
scale and CNTs also showed a high tensile stiffness in the past experiments20,21.  The thermal 
decomposition temperatures of the CNTs are 700℃ in air and 2800℃ in the vacuum, which 
are outstanding as well22.   Also, CNTs have an ultra-high aspect ratio, which makes them 
strong fibres (with high strength and modulus).    The average length of an SWCNT is in 
micrometer scale but its diameter is only 1 or 2 nm, which indicated a high aspect ratio of 
1000:1.   The excellent mechanical properties and the high aspect ratios of the CNTs make 
them ideal reinforcements in a polymer matrix and work as structural materials23.  In practical 
situations, MWCNTs are considered as more suitable to work as fillers than SWCNTs because 
of the price23.   
 
However, structural material is not the only application for CNT/polymer nanocomposites, 
CNTs could also be used in electronic devices24,25.  In room temperature, high quality MWCNT 
have a thermal conductivity of 3000W/(m∙ K) and the data for SWCNT is around 6000W/(m∙
K)26.  Compared with CNTs, the thermal conductivities of metals are much lower and they are 
6~7 times heavier.  Due to the unique structure of the CNTs, CNTs have a significant ballistic 
effect in current-carrying and their electrical conductivity are much higher than metals27,28.  
These advantages above make CNTs good replacements for metals in electronic devices29.         
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2.1.2 Growth of CNTs 
 
According to the structure-property relationship, the unique properties of the CNTs are 
determined by its special structure.  In the practical situations, the structure, especially the 
dimensions of the CNTs, are determined by their synthesising methods.  Currently, there are 
three main methods to prepare CNTs: arc-discharge, laser-ablation and chemical vapour 
deposition (CVD)31.   
 
Arc-discharge is the first method to prepare CNTs2.  CNTs synthesised by arc-discharge are 
normally more uniform than the CNTs prepared via other two methods32.  The principle of arc-
discharge is very simple: firstly, an electric arc is created between two graphite electrodes in 
an atmosphere of helium.  Under the effect of an electric arc, the temperature in the reaction 
chamber will reach 4000℃, and it evaporates the graphite.  After that, carbon atoms would 
deposit to fullerenes, CNTs and some other carbon productions on the substrates33.  In addition, 
it is worth to stress that in 2009, Zhong-Shuai Wu et al .34 reported that graphene is a product 
of the arc-discharge as well.  In the history of the arc-discharge method, MWCNTs were 
observed by Iijima in 1991 first.  After that, SWCNTs were prepared in 1993 for the first time, 
and in order to improve the yields, the uses of metal catalysts was introduced later2,35,36.  A new 
development in this field is to conduct the synthesis under magnetic field33.  It was found that 
 
Figure 2.1.  Illustration of a single-walled nanotube (SWCNT) (A) and a multi-walled 
nanotube (MWCNT) (B).  Some typical ranges of carbon nanotube dimensions 
(length, diameter and the distance between the two graphene layers in MWCNT) are 
also presented30. 
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with the assistance of the magnetic field, the diameters of the CNTs can be controlled and they 
can be aligned as well37,38.  However, another problem of the arc-discharge method is the 
purification32,39.   As mentioned before, arc-discharge would not only produce CNTs, many 
other by-products would come out as well.   
 
The arc-discharge method could be used to prepare both SWCNTs and MWCNTs, but for the 
synthesis of high-quality SWCNTs, there is a specific method called laser ablation.  Laser 
ablation (or called “laser vaporisation”) is a way to produce SWCNTs with narrow-size 
distribution and high purity18.  The laser vaporisation method is a simple technique and it is a 
continuous process40.   A schematic of laser ablation production is displayed in Figure 2.2.  The 
whole process is conducted in a quartz tube and protected by noble gas flow (normally helium, 
or argon).   A furnace is included in the apparatus to control the temperature.  A typical furnace 
temperature for CNT production is 1200℃.  A graphite pellet with catalysts (normally cobalt 
and nickel) is placed in the furnace and works as a target.  In the synthesis of SWCNTs, a laser 
beam is focused on the graphite target and evaporates it.  After that, the sublimated carbon 
atoms move with the gas flow and finally deposit onto a cold copper collector as CNTs41. 
However, the bottleneck of laser ablation method is its slow production rate.  A production rate 
in milligrams per hour is a typical number for laser ablation technique42.   
 
Figure 2.2.  A schematic of laser ablation production41. 
 
The third main method to synthesise CNTs is chemical vapour deposition (CVD).  Although 
the CVD-grown CNTs would have more defeats/poorer crystallinity than CNTs grown via arc-
discharge and laser ablation, CVD method could achieve a higher yield31.  A schematic of a 
CVD facility is illustrated in Figure 2.3.  In this method, the catalysts for CNT growth are 
patterned on a substrate and there are gaseous hydrocarbons flows above them.  Under a 
temperature of 600~1200℃, the hydrocarbon gas decomposes and deposit onto the substrate 
as CNTs.  CVD is considered as a versatile method because by changing the forms of substrates, 
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different forms of CNTs could be grown via CVD.  In additional, the diameters of the CNTs 
also can be controlled by the dimensions of the substrate. 
   
 
Figure 2.3. A schematic of a CVD facility31. 
 
However, as mentioned previously, the shortage of CVD method is its limited product quality.  
There are concerns that the CNTs growths are difficult to control by using CVD and CVD-
grown CNTs have poor crystallinity43.  A solution scheme is to rearrange the catalysts on the 
substrate to achieve a precise control of the CNT morphology.  Dajun Yuan et al.44 invented a 
new approach to prepare highly aligned CNT bundles and porous CNT films.  They used pulsed 
laser interference ablation to draw high-resolution patterns on iron catalyst layer and grew 
CNTs atop via CVD.  By controlling the arrangement of the iron catalyst, CNTs’ morphology 
was controlled.  According to their experiments, uniform and vertically grown CNTs was 
observed.   
 
Except providing an economic scheme to prepare CNTs, CVD could also provide a window to 
demonstrate the growth mechanism of the CNTs roughly, which is not completely clear yet.  A 
widely accepted statement was based on R. T. K. Baker theory and it is depicted in Figure 2.431.  
Depending on the contact angle between the metal catalysts and the substrates (usually silicon 
carbide substrates), there are two different growth models: the tip-growth model and the base-
growth model.   
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For the tip-growth model, the metal catalysts cannot wet the substrate and the contact angle 
between them is high (i.e. the interface between nickel and graphite crystal).  At such condition, 
evaporated carbon atoms tend to diffuse into metal particles following the thermal gradient and 
deposit at the bottom of the particles.  Because of the weak interaction between the metal 
particles and the substrate, the metal particles will lose contact with the substrate in the 
deposition process.   In this mode, CNTs would keep growing until excess carbon atoms deposit 
and cover the whole surfaces of the metal particles.  Then it will stop the carbon atom diffusions 
and the CNT growth process45.   
 
 
Figure 2.4.  A schematic of R. T. K. Baker’s growth mechanism.  His theory is divided 
into two sub-theory: (a) tip-growth model and (b) base-growth model31. 
 
The base-growth model has a different mechanism.  In this mode, the interaction between the 
catalyst and its support is strong and a good wetting is guaranteed.  A good example is the Pt-
Fe/C2H2 system.  In this scheme, platinum and iron works as an alloy catalyst and gaseous 
C2H2 is the precursor.  During the production of the CNTs, the upper surface of the catalyst is 
cooler than the substrate-catalyst interface.  Therefore, the carbon atoms will deposit above the 
catalyst.  Except that, the substrate-catalyst interaction is strong so the contact is maintained 
during the synthesising.  Because of these two factors, in base-growth model, the CNTs would 
grow upward, vertically above the catalyst 46.        
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2.1.3 Mechanical properties of the CNTs and the CNT reinforced NCs 
 
In this section, the mechanical properties of CNTs are presented.  More importantly, the 
parameters that influence the mechanical performance of the CNTs are introduced.  In addition, 
how they affect the mechanical properties of the CNT are discussed.   
 
As introduced previously, the special structures of the CNTs endue them outstanding 
mechanical properties.  The two most impressive mechanical properties of a CNT are its 
extremely high Young’s modulus and tensile strength.  Theoretically, the modulus and tensile 
strength of a CNT should be as high as a graphite sheet because of their similar structures.  The 
in-plane Young’s modulus of a graphite sheet is 1TPa and its tensile strength is 130GPa47,48.  
Firstly, people tried to use models to predict the mechanical properties of the CNTs.  Lu et al.49 
reported that the Young’s modulus of CNTs with a radius larger than 1nm is around 1TPa.  In 
addition, this result was obtained from model predictions and was independent of the CNT 
helicity and number of layers.  Later on, many researchers did direct measurements to 
determine the mechanical properties under atomic force microscope (AFM)47.  In practical 
situations, researchers found that the mechanical properties of the CNTs are different from each 
other.   In 2000, Yu et al.50 did the ultimate stress-strain measurements on individual MWCNTs 
(made by arc-discharge).  They conducted the test in an SEM and they obtained a range of 
Young’s modulus from 0.27GPa to 0.95 GPa, which is lower than 1TPa.  In addition, they 
measured the elongations of the CNTs, which is up to 12%, at a range of strength of 11~63GPa.  
Based on this result, they calculated the fracture toughness of CNTs, which is about 1240J/g.   
 
Three dimension parameters of a CNT, include the CNT quality, the aspect ratio and the degree 
of waviness play important roles in determining the mechanical performance of NCs51,52,53,54.  
CNT quality presents the proration of topological defects contained in a CNT.  Composites 
reinforced by CNTs with greater quality have a higher modulus, toughness and tensile strength 
than that of poor quality54.  Some examples are showed in Table 2.1.  The quality of a CNT is 
represented using the D/G ratio, which is the ratio of the D band to G band and is characterised 
via Raman spectroscopy55.  The D band represents the large amorphous carbon atoms 
(impurities) in a CNT and the G band represents the highly oriented carbon atoms56.  CNTs 
with a high D/G ratio have poor quality and have many defects on the surfaces. The quality of 
an as-received CNT is determined by its synthesis method, for example, a CNT produced using 
the chemical vapour deposition (CVD) method has more defects/lower crystallinity, hence has 
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worse quality than a CNT grew via the arc-discharge or laser ablation method31.  In addition, 
surface functionalisation also changes the CNT quality, this part is discussed in Section 2.214,31. 
 
CNT aspect ratio is expressed as CNT length /diameter.  NCs reinforced with high aspect ratio 
CNTs will have a high mechanical property. The CNT aspect ratios can be calculated by a 
software called NanoScope (Bruker Corporation, USA) once the digital images of the CNTs 
are obtained by a transmission electron microscopy (TEM)54,57.  This software can measure the 
length and CNT diameter of the CNTs base on their digital images thus their aspect ratio can 
be calculated. The relationship between CNT aspect ratios and the mechanical properties of the 
NCs had been studied by many researchers51,54.   Fawad Inam et. al.51 tested NCs reinforced 
by five different aspect ratios (139, 113, 89, 66 and 34). The detailed data are shown in Table 
2.1. They found that the long CNTs (aspect ratio 139 and 113) have larger surface area and the 
composites reinforced by them presented better mechanical properties than that of short CNTs 
(aspect ratio 89 and 66). 
 
CNT waviness also affects the performances of the NCs52,58,59. For an individual CNT, its 
degree of waviness is evaluated by the ratio of the path length of the CNT and the displacement 
between the two ends of it58.  CNTs with a low degree of waviness will greatly improve the 
tensile properties of the composite as CNTs are more like unidirectional fibres in this 
situation53,58.    
 
Tran Huu Nam and co-workers found that the CNT waviness can be reduced by stretching.  
They stretched a prepreg which contains 50 plies of MWCNTs/epoxy sheets in a uniaxial 
direction stretching machine60.  They found that an appropriate stretching (2% or 3%) improved 
the tensile strength/modulus of the composites.  However, a too high (4%) stretching would 
lower the reinforcing effects because it caused sliding effects of some CNTs.  Relevant data 
are shown in Table 2.1.  Furthermore, functionalised CNTs will have a better miscibility with 
the matrix, which makes them easier to be straighted3.   
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Table 2.1. Mechanical properties of NCs.  The effects of using CNTs with different qualities, aspect ratios and waviness are presented.  
No. Compared 
parameter 
CNT type Matrix  CNT content 
(weight) 
Tensile 
strain (%) * 
Tensile stress 
σ 
(MPa) * 
Young’s modulus  
(MPa) * 
Ref 
1 CNT quality MWCNT  
(9.5nm diameter,1.5μm length, .90% carbon 
purity).  High D/G ratio (2.2) 
 
Polycaprolactone 
(thermoplastic, 
soft, extreme long 
elongation) 
 
7.5% 711 
(-42%) 
27 
(86%) 
407 
(179%) 
61 
2 CNT quality MWCNTs 
 (13nm diameter, 1μm length, 95% carbon purity).  
Low D/G ratio (1.5) 
7.5% 948 
(-29%) 
26 
(79%) 
432 
(196%) 
61 
3 CNT aspect 
ratio  
MWCNTs 
 (Aspect ratio 139). 
 
 
 
 
Epoxy 
 
0.1% No data 63 
(not given) 
4.10 
(not given) 
51 
4 CNT aspect 
ratio 
MWCNTs 
(Aspect ratio 113). 
0.1% No data 66 
(not given) 
4.15 
(not given) 
51 
5 CNT aspect 
ratio 
MWCNTs 
(Aspect ratio 89). 
0.1% No data 60 
(not given) 
3.50 
(not given) 
51 
5 CNT aspect 
ratio 
MWCNTs 
(Aspect ratio 66). 
0.1% No data 56 
(not given) 
3.25 
(not given) 
51 
5 CNT aspect 
ratio 
MWCNTs 
(Aspect ratio 34). 
0.1% No data 50 
(not given) 
3.15 
(not given) 
51 
6 CNT waviness MWCNTs, with 2% stretch ratio (in length)  
 
Epoxy 
7.2% (volume 
fraction) 
0.51 
(21%) 
225 
(50%) 
45000 
(29%) 
60 
7 CNT waviness MWCNTs, with 3% stretch ratio (in length) 8.3% 
(volume fraction) 
0.58 
(38%) 
310 
(106%) 
57000 
(63 %) 
60 
8 CNT waviness MWCNTs, with 4% stretch ratio (in length) 9.1% 
(volume fraction) 
0.52 
(24%) 
258 
(72%) 
48000 
(37%) 
60 
 *: The numbers in the parentheses represent the percentages property improvements as compared to pure epoxy resins.  
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2.2 Functionalised CNTs and the mechanical properties of NCs 
 
Thermoset resins, for example, epoxy resins, are widely used materials for a number of 
applications.  They have a high strength and modulus.  Also, they have good thermo-stability 
and chemical resistance4,62.  However, a big disadvantage of them is their relatively low 
toughness.  Past study has found that CNTs could effectively improve the mechanical 
properties of the epoxy resin in even a relatively low CNT loading63,64.  As CNTs, have 
excellent mechanical properties, for example, high tensile strength and modulus.   
 
Ideally, CNTs should be able to improve the ductility of the composites6,12,29,64,65.  In summary, 
for a CNT/epoxy NC (CNT homogeneously dispersed), in the failure process of an NC, the 
CNTs reinforce the epoxy in the following way:   
 
(1) Interfacial debonding of the CNT/epoxy interface.  The failure of the CNT/epoxy 
interfacial bonding consumes energy. 
     
(2) Crack deflection.  The cracks are diverted in front of the CNT toughened area, go pass 
around this area (longer distances) in the failure process.  It consumes more energy than 
if the cracks pass through the material as straight lines. 
 
(3) Crack pinning. The cracks are stopped by CNTs. A higher energy input is needed to 
overcome the CNT bridges so the cracks could proceed.    
 
(4) CNT pull out.  The pull out of CNTs consumes energy (there are interfacial bondings 
between the CNTs and the epoxy) 
 
(5) Crack bridging: The CNTs works as bridges connect the two sides of the cracks and 
stop the cracks from growing bigger.  A higher energy input is needed to overcome the 
resistance of the CNT bridges so the cracks could proceed.       
 
(6) The rupture of CNTs.  The break of CNTs requires a high amount of energy as the 
CNTs have a high strength and modulus.   
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(7) Crack tip blunting, due to the Cook Gordon process, the area ahead of a crack may 
failure prior to the reaching of the crack.  A secondary crack, which is perpendicular to 
the main crack, is initiated.  When the main crack and the secondary crack join together, 
the tip of the crack will be blunted.  Under such circumstance, a high energy input in 
needed to break a larger area so the crack can proceed.  
 
(8) Micro cracking: in the cooling process (heat treatment) in the production of the sample, 
a series of micro cracks are initiated.  These cracks are initiated due to the different 
coefficients of thermal expansion between the epoxy and the CNTs.  In the failure 
process of the material, the main cracks are distributed into these micro cracks and 
formed a number of branches.  In this process, the cracks are diverted actually. 
 
In the very beginning, the CNTs were used to enhance the mechanical properties of 
thermoplastic (PS) and the CNTs have been proved as effective fillers for the PS.  However, 
CNTs/thermoset polymer (TS) composites did not have such impressive performance66.    
Works by Zhengtao Yang et al.67 have shown that CNTs only have limited reinforce effects 
within epoxy-based composites.  They compared the mechanical and thermal properties of 
epoxy reinforced by MWCNTs.  NCs with two different CNT loadings were made: 1wt% and 
4wt%.  Except that, two types of bisphenol A diglycidyl ether (DGEBA) epoxy resins were 
used as matrices: a glassy one and a rubbery one.  For the CNT reinforced rubbery epoxy, good 
enhancements were found in tensile strength, elongations and Young’s modulus.  Also, their 
glass transition temperatures, Tg  (via DSC, Differential scanning calorimetry, 
characterisations), were increased.  In contrast, for the CNT reinforced glassy epoxy, only 
slight improvements in the tensile strength and Young’s modulus were observed and the fillers 
made the elongation worse.  There were two reasons to explain the different reinforcing effects.  
First, the viscosity of the glassy epoxy resin was higher than the rubbery one, so it was more 
difficult for the CNTs to be dispersed into the glassy epoxy resin.  Therefore, for the 
CNT/glassy epoxy NCs, they had poorer dispersion states, compared to the CNT/rubbery epoxy 
NCs.  Then the poorer dispersion state lead to a poorer reinforcing effect.  Second, the 
mechanical properties differences between the CNTs and different epoxy resins are different.  
The property differences between the CNTs and the glassy epoxy resin are smaller than 
between the CNTs and the rubbery epoxy.  Therefore, the reinforcing effects in the 
CNT/rubbery epoxy NCs were higher than in the CNT/glassy epoxy NCs.         
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Many past papers revealed that dispersion is a critical issue to prepare high-performance 
CNT/TS composites68,69,70.  Many researchers recognised that modifying the CNTs surfaces 
can improve the poor CNT dispersion states of current NCs and hence improve their 
mechanical properties13,14,68.    In order to obtain a homogeneous CNTs/TS solution, many 
different functionalisation methods were developed to achieve this goal.  These methods could 
be divided into two groups: covalent (chemical) functionalisation and noncovalent 
functionalisation13.   
 
Generally, these methods attach chemical groups to the CNT surfaces. The grafted chemicals 
have good solubility in the matrix, thus they can improve the solubility of CNTs in the matrix.  
Therefore, the CNT dispersion state can be improved71.  Grafted chemicals could also improve 
the interfacial bonding between CNTs and the matrix, thus improve the mechanical properties 
of the composite63.  In addition, some grafted chemicals can react with the matrix, which makes 
the CNTs part of the crosslink network.  It ensures a strong CNT-matrix interlink. 
 
For covalent functionalisation, the principle is to break its pristine sp2bonds, using acid, or 
other oxidative chemicals, and introduce reactive sites onto the walls of the CNT.  Then the 
grafting chemical can react with the reactive site and graft functional groups on the CNTs 
sidewalls72,73.  In the covalent functionalisation methods, the CNT sidewalls and the functional 
groups are connected through covalent bonds.   
 
Although current CNT covalent functionalisation methods can improve the CNT dispersion 
state, they are still not ideal methods for making high performance composites, neither in terms 
of quality nor quantity15,23,74.  Regarding quality, for the current covalent functionalisation 
methods, the process of creating reactive sites actually degrades the as-received CNTs 
frameworks.  It will lower their properties due to the introduced defects.  Therefore, the 
mechanical performance of these NCs were still below the theoretical values.  Past study has 
found that commercial functionalisation methods, for example, plasma treatment, increased the 
amount of defects on CNTs and lowered their qualities74,75.  The mechanical properties of NCs 
reinforced by different functionalised CNTs are shown in Table 2.2.  It clearly shows that 
although the mechanical properties of the composites have been improved by the using of 
functionalised CNTs, the magnitude of the improvements which were around 30%~60%, are 
still not impressive as compared to the modelling predictions (higher than 60%)3,58.  Regarding 
quantity, current lab scale functionalisation methods have complex procedures and a good 
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grafting ratio can only be achieved when only a small quantity of CNTs (less than 2g) is 
subjected to the treatment15.   
 
Instead of connecting functional groups via the breakage of CNTs’ pristine structures, 
noncovalent functionalization wraps CNTs in a different way.  It uses the effects of π-π stacking 
and van der waals interactions to attach conjugated polymer onto the sidewalls of the CNTs77.   
 
Takahiro and co-works reported a new noncovalent in situ modification approach to preparing 
CNT/polybenzoxazole (PBO) films with good dispersion and properties23.  Also, this method 
can be used as an example to illustrate how the noncovalent methods work.  The schematic of 
their scheme is illustrated in Figure 2.5.  They used a special PBO precursor to modify 
MWCNTs and SWCNTs and the PBO is the monomer of the matrix as well.  The PBO 
Table 2.2.  Mechanical properties of NCs reinforced by as-received (non-functionalised) 
CNTs and chemical functionalised CNTs. 
No. Functionalisation 
method 
Epoxy a CNT type (with the 
name of the grafting 
chemicals)  
CNT 
content 
(weight) 
Tensile 
modulus 
E 
(GPa)b 
Tensile 
strength σ 
(MPa)c 
Elongation 
(%)d 
Ref 
1 None (as-
received CNTs) 
Epon-862+ 
Epon W 
 
SWCNT 1% 2.12 
(4.79%) 
79.8 
(3.86%) 
5.8 
(-10.77%) 
71 
 
2 Acid + chemical 
treatment 
 
 SWCNT-R-NH2 1% 2.65 
(30.54%) 
104 
(25.30%) 
8.5 
(30.77%) 
3 4% 3.40 
(67.49%) 
102 
(22.89%) 
5.5 
(-15.38%) 
4 None (as-
received CNTs) 
Epon-862+ 
Epikure W 
 
MWCNT 0.1% 
 
2.9 
(3.57%) 
118 
(7.27%) 
6.7 
(9.84%) 
11 
 
5 Plasma treatment MWCNT-NH2 3.2 
(14.29%) 
125 
(13.64%) 
6.9 
(13.11%) 
7 None (as-
received CNTs) 
Bispheno l-A 
glycidol ether 
epoxy resin+ 
Triethylene 
tetramine 
 
MWCNT 0.4% 
 
 
0.45 
 
31 
 
5.3 
 
76 
8 Acid + chemical 
treatment 
 
MWCNT-COOH 0.53 
 
40 
 
5.5 
 
9 MWCNT-Amine 0.55 
 
43 
 
5.7 
 
a The codes before the plus represent the brand names of the epoxy resins and the brand names of the hardeners are 
placed behind the plus.  b,c and d In addition to those with special instructions, the numbers in the  parentheses 
represent the percentages of property improvements from pure epoxy resins( if the properties of the pure epoxy are 
given in the paper) . 
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precursor contains aromatic polyamide structures.  According to the theory, the aromatic 
moiety on PBO can grantee an effective polymer wrapping through the π-π interactions78.  After 
the modification, the bundled CNTs were isolated and their solubility in amide solvents was 
improved.  The N, N-Dimethylacetamide solution of modified SWCNTs was characterised 
through ultraviolet absorption and photoluminescence spectra measurements.  The results were 
compared with the spectrum of isolated SWCNTs and some identical absorption spectrum.  
Photoluminescence signals were examined and they indicated an effective modification.  
Except that, the Raman spectrum showed the existence of π-π interactions between the PBO 
and SWCNTs.  In the next step, the mixture of CNT/PBO precursor was cured to CNT/PBO 
composites and their mechanical properties were tested.  The stress-strain curves demonstrated 
that, by adding 1.7wt% of CNT, the tensile strength and Young’s modulus of the NCs increased 
by factors of 1.3 and 1.8, from the matrix, respectively.  In addition, the Raman shifts showed 
that the composite’s D/G ratio was almost the same as the values of the pristine SWCNTs, 
which showed an un-damaged CNT structure.   
  
 
Figure 2.5.  A schematic of the Takahiro approach to preparing high-performance 
CNT/PBO composite.  The monomer of the matrix was used as a modifier and the 
mixture was in situ cured to composite afterwards23. 
 
In practical situations, the decision of using which functionalisation method (covalent or 
noncovalent) to apply to different epoxy systems is still complicated.  CNTs functionalised by 
conventional covalent functionalisation methods have strong attachments with the epoxy but 
they also have damaged scaffolds.  Noncovalent methods maintain the scaffolds of the CNTs 
in the functionalisation process.  However, the noncovalent functionalised CNTs have weaker 
CNT-epoxy attachments than the covalent functionalised CNTs (the noncovalent bonds are 
weaker than covalent bonds).  Because of that, the efficiency of chemical functionalisation and 
noncovalent functionalisation would be hard to judge.  In different practical situations, the 
efficiencies they express might be different.  To apply which modification method would 
depend on the miscibility between functionalised CNTs and the matrix.  For example, if using 
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the covalent functionalisation method could ensure a strong CNT-epoxy interference and make 
the sacrifice worthy, then it is better to apply chemical functionalisation.  However, if the 
matrix has many conjugated bonds, it might be better to use those noncovalent bonds directly 
instead of introducing defects.         
 
Recently, a thermochemical grafting route, which modifies the CNTs surfaces without 
damaging the as-received CNTs scaffold, had been developed15,74,79.  By using this method, the 
pre-existing surface oxides on as-received commercial MWCNTs, which have already been 
created during the production of the CNTs, are converted to active sites via an ultra-high 
temperature heating15.  After this step, the obtained activated sites can react with the grafting 
chemicals.  This method avoids creating new defects on CNTs surface and the as-received 
structures of the CNTs are maintained.  Some other advantages of this method is that it is 
scalable and environmental friendly15,74.  This method contains fewer reaction steps than 
conventional chemical functionalisation methods and it does not produce a large volume of 
chemical wastes15.  However, NCs toughened by such modified-CNTs have not been fabricated 
yet and whether these thermochemical grafted CNTs can improve the mechanical performance 
of the composite significantly or not is still uncertain.  
 
 
2.3 Fabrication of nanocomposites (NCs) 
 
2.3.1 Physical dispersion methods for preparing NCs   
 
Physical dispersion methods disperse CNT into the TS matrices by a vigorous mixing process 
and hence tailor the CNT dispersion state10.  An effective physical dispersion method applies 
energies to CNTs bundles, breaks them and evenly distributes the CNTs in the matrices.  
Therefore, NCs with an appropriate CNT dispersion state can be produced.     
 
Generally, there are three types of physical dispersion methods: turbulent flow, cavitation and 
mechanical force, as illustrated in Figure 2.680.  Turbulence flow equipment, like the nanomizer, 
use turbulence flow to disperse CNTs80.  Cavitation methods, like ultra-sonication (US), apply 
sound energy to agitate the CNTs.  Mechanical dispersion methods employ mechanical force 
(like shear force) to disperse CNTs into the matrix.  The latter one can be divided into two sub-
groups depending on whether grinding media are used or not.  In addition, mechanical 
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dispersion methods can also be employed for CNT functionalisation in which CNTs and 
grafting chemicals can be mixed homogeneously and they can fully react with each other81. 
 
 
Figure 2.6.  Mechanisms for different dispersion methods80. 
 
Among the three types of dispersion method, turbulent flow methods are considered to be the 
most suitable one to generate an appropriate CNT dispersion at a high CNT loading ( higher 
than 2wt%)80. According to the law of mixture, increasing the CNT loading can improve the 
mechanical properties of the NCs, but the assumption is that the CNTs are homogeneously 
distributed in the matrix. However, for traditional dispersion methods, like US or ball milling, 
it is very difficult to maintain a homogeneous CNT dispersion state under a high CNT 
loading3,10.  Howon Yoon and co-workers found that for long SWCNT, turbulent flow methods 
generated a more homogeneous CNT dispersion than the other methods at a CNT loading of 
10wt%. They compared three different dispersion mechanisms that encompass eleven different 
dispersion schemes80.  They did not test the mechanical properties of the composites but 
compared their electrical conductivities.  In addition, they compared the scanning electron 
microscope (SEM) images of the samples, to determine their CNT dispersion states.  They 
found that composites made via the turbulence flow methods had higher conductivities than 
the other composites.  They also found that the turbulence flow methods made samples only 
contained CNT bundles with diameters around 1 µm scale.  Meanwhile, the composites made 
via other methods contained a large amount of CNT bundles in 10 µm scale.  In addition, a 
solvent-free process can be achieved using turbulent flow methods and hence improve the 
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mechanical properties of the NCs.  Traditional methods like US and ball-milling can only 
achieve a good CNT state with the help of organic solvents.  However, the use of solvents may 
leave residual components in the composites and lower their mechanical performance13.  Past 
studies have found that turbulent flow methods can generate a more homogeneous CNT/matrix 
solution than traditional methods when the using of solvent was restricted13,61,80,82.  
 
Although there are a number of instruments that can break CNT bundles into individual CNTs 
and generate a homogeneous CNT dispersion state, tailoring the dispersion is more important6.  
Traditionally, it is easy for people to think that, a homogeneous CNT-matrix mixture will result 
in a tougher material.  However, in practical situations, a composite with  a certain degree of 
heterogeneity will be tougher83. Cook-Gordon processes illustrate that in CNT-based 
composite, CNT bundles in a certain diameter have bridging effects and the cracks will deflect 
along with the interface, hence an amount of energy will be consumed and the toughness of the 
material will be improved9.  
 
The scalability is another character of current physical dispersion methods apart from the 
capacity of generating fine dispersion states80.  To achieve the industrial adoption of NCs, the 
physical dispersion method should have the capacity to process a large amount of materials 
(multi-kilograms per hour) without lowering the CNT dispersion state of the final products.  
For example, the lab scale extrusion is a continuous process and it generates a homogeneous 
CNT dispersion state in thermoplastic matrices84.  It can be scaled up to industrial scale and it 
had been used to produce CNT/ polyurethane composites with a homogeneous CNT dispersion 
at an output of 4kg/h85.   
 
The definition of a scalable physical dispersion method can be flexible in the lab scale 
researches for the reason of saving raw materials.  Some lab manufacturing routes, for example, 
overhead stirrer mixing, are not continuous processes but can be regarded as a scalable process 
in this situation. It uses high shearing to break CNT bundles and it has the same mechanism as 
some industrial scale turbulence flow methods, like nanomizer.  However, these turbulence 
flow methods cannot produce the composites in a lab scale (less than 100g) while the overhead 
stirrer can. Therefore, the overhead stirrer can be used as an ideal replacement to nanomizer in 
lab scale research.  
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2.3.2 Manufacture routes of NCs 
 
The production of a NC involves several steps; typical processes for making such a composite 
are shown in Figure 2.7.  The capability of achieving a homogenous CNT dispersion and the 
scalability are the main considerations in the designing of a NC manufacture route and a 
number of studies have been done to date11,15,31,86.  
 
 
 
 
 
 
 
 
 
 
 
 
 
As-received 
CNTs 
 Functionalised CNTs 
 
or 
Functionalisation by various 
methods. For example: 
 Thermochemical grafting 
 Plasma 
 Ball-mill 
The functionalisation methods can 
also be divided by different 
functionalisation mechanism: 
 Covalent functionalisation 
 Non-covalent functionalisation 
CNT dispersion (in thermoset matrix) by various 
methods 
For example: 
 Turbulence flow (e.g. high shear, nanomizer) 
 Cavitation (e.g. sonication)  
 Mechanical (e.g. ball mill)  
Figure 2.7. Schematic of methods for manufacturing NCs. 
 
In the manufacturing of NCs, the CNT dispersion state is mainly determined by the CNT 
functionalisation step (if it is applied) and the physical dispersion process.  For the scalability 
of an NC manufacture route, it can only be defined as “scalable” when all of its steps, including 
functionalisation step, physical dispersion process and moulding process, can be scaled up.  
The scalability of CNT functionalisation and physical dispersion process has been discussed in 
the previous Section: They have to have a high output rate (several kilograms of product per 
hour)87.  Some of the moulding methods are the continuous process, like injection moulding or 
CNTs are added in solvent.   
Or: Solvent + surfactant 
NCs 
Moulding methods, for 
example: Casting, Extrusion, 
Injection, Transfer moulding 
Curing 
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extrusion, therefore, they are scalable processes. Some of them are not continuous methods but 
suitable for making specific materials. For example, the transfer moulding is not a continuous 
method but it is suitable to make big and complex components (like aircraft wing skins) with 
a good surface finish and close dimensional tolerances. Therefore, a slower production rate 
than the continuous methods is acceptable and it can still be considered as a scalable method 
for the making of high performance mateirals88.  Another example is the casting method, which 
is not a continuous method as well. It is suitable for lab research as it is a material-saving 
method and it can produce products in several gram scales. 
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Chapter 3: Experimental 
 
3.1 Introduction       
 
Tensile test samples (dog bone shape specimens) and single edge notched beam (SENB) 
specimens were made and tested in this project.  In this chapter, the optimised producing 
method is introduced.  Also, the characterisation methods (tensile test, fracture toughness test, 
SEM, polished cross section observation, OM) are presented.   
 
 
3.2 Material 
 
Epoxy Resins. An aromatic epoxy, diglycidyl ether of bisphenol A (DGEBA) in the form of 
Epon 828 of Momentive, purchased from Polyscience, Inc.  Epon 828 has an offered epoxide 
equivalent weight of 185-192, viscosity of 110-150P, and density of 1.16g/ml at 25°C. 
 
 
 
 
n=0.1 
 
 
 
                                    
n=2.6 
Figure 3.1.  Chemical structures of Epon 828 (upper) and Jeffamine D-230 
（lower)89. 
 
Curing Agents. The curing agent of the resin was performed by cross-linking the epoxy 
functionality with a tetrafunctional diamine type.  An aliphatic diamine curing agent, Jeffamine 
D230 of Huntsman Corp. (Houston, TX), was used for this purpose. The molecular weight of 
Jeffamine D230 was 225g/mol and its amine hydrogen equivalent is 60 g/eq.  The density of 
D-230 is 0.948g/ml and its viscosity is 9.5cSt at 25°C. Figure 3.1 shows the structures of the 
epoxy molecules and the curing agents used. 
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As received CNTs (non-functionalised) and functionalised CNTs. MWCNTs were 
purchased from Nanocyl (Brand name: NC-7000, carbon > 90% Average diameter 9.5nm, 
average length 5μm, surface area 250-300m2/g.   
 
Apart from the as-received CNTs, six different types of functionalised tubes were used in this 
project and their basic information is presented in Table 3.1.   
 
Table 3.1.  The list of different CNTs used in this project 
No. Name and 
abbreviation 
Functionalisation 
method 
Graft chemicals Functionalised 
Tube Supplier 
1 
 
AR-CNT  
(NC-7000) 
As-received None N/A 
2 TC-GMA-CNT Thermochemical 
grafting  
Glycidyl methacrylate (GMA) Professor 
Shaffer’s 
group 
3 TC-MMA-CNT Methyl methacrylate (MMA) 
4 NH3-CNT Commercial method 
(covalent 
functionalisation) 
 
Amine 
 
Nanocyl 
 
5 NH2-CNT 
6 N2-CNT 
 
 
3.3 Experimental process 
 
3.3.1 Lab setting up 
 
Firstly, a scalable manufacture route for making NCs was set.  The equipment used are listed 
in Table 3.2.  The instruments in the CNT processing lab can be divided into three groups: the 
safety cabinet unit, the curing system and the CNT dispersion system.  The safety cabinet unit 
consists of a safety cabinet, which blocks nanoparticles and chemicals from leaking outside. It 
also provides a safe working space for the nanocomposites fabrication. The curing system, 
which was built to cure the composites, contains a vacuum oven and a vacuum pump.  The 
equipment for dispersing the CNTs into the matrix are classified in the CNT dispersion system, 
which includes two balances, one ultra-sonication bath (US), a high shearing overhead stirrer 
(HS) and one hotplate with magnetic stirring function.  In this project, two different stirrers, a 
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two blade stirrer and a dissolver disk were used to disperse CNTs into the epoxy.  More details 
of these two stirrers are introduced in Chapter 4 and 5.   
 
 
Table 3.2.  The equipment used in this project for making NCs. 
 
No
. 
Equipment Supplier Comments 
1 Analytical balance VWR International Ltd, 
UK 
 
Accuracy: 0.0001g 
2 Electric balance Accuracy: 0.01g 
3 Ultrasonication bath Max frequency: 45kHz 
4 Hot plate  
5 Overhead stirrer IKA Company, Germany Max rotation speed: 2000rpm 
6 Vacuum oven Thermo Electron LED 
GmbH, Germany 
Max heating temperature: 200oC 
7 Vacuum pump Vacuubrand Company, 
UK 
 
8 Safety cabinet Bigneat Ltd, UK Two ultra-low penetration air filters and one 
carbon filter were installed to remove the CNTs 
and chemicals in the air. 
 
 
 
8 
7 6 
5 4 3 2 
1 
Hao Wu  MPhil Thesis 
31 
 
 
3.3.2 Production of NCs 
 
The sample preparations of NCs were conducted in the following procedures (here use the 
production of 0.25wt% dog-bone shape samples as an example), which are also shown in Table 
3.3.  The mould was first coated with the releasing agent (Frekote 700-NC, Hankel Loctite 
adhesives Ltd).  An image of the mould is shown in Figure 3.2.  Then Epon 828 resin (40g) 
and D-230 hardener (15g) were de-gassed in two separate beakers at 50℃ (30mins) prior to the 
CNT/epoxy mixing.  The de-gassing process was conducted in a vacuum oven and it is the 
same for all the de-gassing processes in the sample preparations in this project.   
 
Then, the CNT dispersion process began.  In this procedure, weighted CNTs, weight fractions 
of 0.25wt%, were dispersed into 35g epoxy.  The mixtures were pre-mixed using an overhead 
Table 3.3. Sample preparation procedures. 
No. Procedure 
1 Release agent coating 
2 Degassing of epoxy and hardener, de-gas 40g epoxy and 15g D-230 (50oC, 30min) 
3 Weight CNTs 
4 Pre-stirring CNT/epoxy, 100rpm, 100oC, 10minutes 
5 Cool down to room temperature (400rpm, 40min)---high shearing 1 (2000rpm, 
25oC, 1hour,)---cool down to 0 oC (400rpm, 10min)--- high shearing 2 (2000rpm, 
0oC, 1hour,) 
6 Equilibration (100oC, 30min)---De-gas the mixture (50oC, 30min) 
7 Add hardener 
8 Hardener stirring (2000rpm, 40oC, 20min+50rpm, 40oC, 4min) 
9 De-gassing (50oC, 30min) 
10 Casting+ De-gassing (50oC, 30min) 
11 Rising temperature from 50oC to 100oC 
12 Curing stage, 100oC, two hours 
13 De-mould 
14 Annealing at 100oC, 30mins 
15 Sample polishing  
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stirrer (100rpm, 100°C, 10min) to distribute the big CNT bundles in the epoxy.  In the next few 
steps, the CNT were further dispersed into the epoxy.  Firstly, the rotation speed was increased 
to 400rpm, the hot plate was turned off and the mixtures gradually cooled down to the room 
temperature.  This process took about 40mins.  In this step, the big CNT bundles were supposed 
to be broken into smaller CNT bundles.  Also, in this step, the viscosity of the mixtures 
increased as the temperature dropped, in order to maintain the rotation speed, the stirrer applied 
a higher torque to the mixture.  Therefore, it applied a higher shear force to the mixtures.  After 
the temperature of the mixtures reached room temperature, the rotation speed was increased to 
2000rpm and the mixing continued for one hour.  After this one hour mixing had finished, the 
beaker was located in an ice/water mixture to lower the mixing temperature.  During this step, 
the rotation speed was lowered to 400rpm. The cooling process took 10min.  After the mixture 
temperatures had reached 0℃, another one-hour high speed mixing was conducted (2000rpm, 
0℃, 1hour).  After the CNT/epoxy mixing had finished, the resin temperature was raised to 
about 100℃ for a 30min equilibrate, then the mixture was de-gassed at 50℃ (30min).  After 
that, stoichiometry amount of hardener was added at 40℃, then mixtures were stirred at 
2000rpm, 40 ℃  degree for 20min, followed by a 50rpm stirring for 5 min at the same 
temperature.  This process was to homogeneously disperse the hardener in the CNT/epoxy 
mixture and reduce the CNT re-agglomeration effects.  Then the mixtures were degassed and 
then they were casted in the assembled mould.  Then the mixtures were degassed in the mould 
again.    
 
 
 
Figure 3.2.  The image of the mould. 
 
20 mm 
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After the de-gassing and casting, the temperature of the oven was raised to 100℃, which took 
80 minutes.  The mixture was then cured at 100℃ for two hours.  After the curing process, the 
samples were taken out from the moulds and were processed at 100℃ to eliminate the warpage 
of the samples.  During this heating process, the tensile test specimens were aligned in the oven 
and covered by a steel plate.  A soft fabric was sandwiched in between the samples and the 
plate to distribute the weight of the plate evenly.   
 
 
 
Figure 3.3. An image shows how the polished cross section samples were cut.  The 
photograph on the left shows the outlook of the made panel for SENB test (water jet had 
been done to this sample).  The NC in this image was reinforced by 0.25wt% TC GMA 
CNT.  The batch number is S-J.  The photograph shows the Y face of the panel.  In the 
photograph, the abbreviation “TO” means the top part of the panel, “BO” means the 
bottom part of the panel, “FR” means the front Y face of the panel, which is the Y face 
shown in this photograph, “LE” means the left hand side of the SENB sample and “RI” 
means the right hand side of it.  The schematic on the right shows the coordinate System of 
the sample.  For all the samples subjected to polished cross section viewing, the sampling 
points are identical.  The available specimen were marked as “X BO/Y BO/Z BO/X TO/Y 
TO/Z TO”.  There are blue arcs around them, which mark the sample cutting route. 
 
The processed tensile test samples were then machined as the samples were thicker than the 
ASTM standard (around 3mm).  A Metaserv Motopol 12 type rotary polisher from Buehler 
Company was used to polish the samples thinner.  Following the advice from the project 
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collaborator, Dr. Tomi Herceg, the 800P grade sand papers were used at a rotation speed of 
200rpm.  The samples were then polished down to around 3mm.   
 
For the production of the SENB samples, the CNT/epoxy mixtures were poured into a panel-
like mould, which is a rubber O-ring clamped in between two standing glass panel.  The step 
of degassing in the mould was cancelled because it was difficult for the air in the mixture to 
come out, using this mould. The samples were made as rectangular panels.  For the heat 
treatment, the SENB specimens were put back to their mould.  The assembled/fasten mould 
applied force to the specimens so the warpage was eliminated.   
 
For each of the SENB samples, their rectangular outlines were cut by a waterjet machine and 
the notches were cut by a wire saw.  More details of the made rectangular panel and the 
waterjetted SENB samples can be seen in Figure 3.3.   
 
 
3.4      Physical characterisation 
 
3.4.1      Polished cross section optical microscopy (OM) 
 
In order to evaluate the CNT dispersion state of some chosen specimens, the polished cross 
sections of the samples were obtained for observation and an optical microscopy with 
Differential interference contrast (DIC) was used.  The OM used in this project is a binocular 
optical microscope (Axio Imager.M2m, Zeiss, UK).  DIC is an optical microscopy illumination 
technique and it is used to enhance the contrast of the samples.  DIC works on the principle of 
interferometry and it sees invisible features which cannot be seen by OM using nature lights.  
In the OM observation, the contrast differences between the CNT bundles and the epoxy matrix 
cannot be shown using nature light as light source.  Therefore, it is difficult to distinguish CNT 
bundles from the epoxy matrix.  By the using of the DIC, the contrast difference between the 
CNTs and the epoxy matrix is enhanced so the CNT bundles can be distinguished from the 
epoxy matrix in the OM observation. 
 
For the OM observation, for each of the chosen sample, one piece of the NC was cut and 
embedded in a specific embedding epoxy.  How the NC specimens were cut are shown in 
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Figure 3.3.  For the NC specimen embedding, the epoxy system, EpoxyCure™ epoxy resin 
(20-8130-128) and EpoxyCure™ epoxy hardener (20-8132-032) were purchased from Buehler, 
UK.   The mixing ratio is 5 resin to 1 hardener by weight.  The epoxy and the hardener were 
mixed manually in a paper cup until a homogeneous mixture was achieved. The epoxy mixture 
was then poured into a PVC pot which contained the specimen (at the bottom of the pot).  The 
epoxy was then cured at room temperature overnight.  
 
Table 3.4. Polishing steps. 
No. Polishing disk Polishing media Pressure 
(Psi) 
Rotation 
speed (rpm) 
Time 
(minutes) 
1 Grinding Water 40 150 4 
2 Plano 9µm diamond Diamond suspension, 
water base 9µm.  
Monocrystalline 
40 150 4 
3 Plano 9µm diamond Diamond suspension, 
water base 9µm.  
Monocrystalline 
40 150 4 
4 Pumo 0.3µm Alumina Alumina suspension 
0.3µm Alpha 
40 100 4 
5 Pumo 0.3µm Alumina 
(reverse the rotation 
direction of the sample 
holder 
Alumina suspension 
0.3µm Alpha 
40 100 4 
 
After the embedding epoxy was cured, the polishing process commenced.  The polishing 
machine is Saphir 350E (ATM GmbH).  The polishing steps are illustrated in Table 3.4 
 
Then the polished cross sections were subjected to DIC assisted OM observation and images 
of them were taken. 
 
3.4.2 Scanning electron microscopy (SEM) 
 
The fracture surfaces of the fully cured NCs (tensile samples and SENB samples) were viewed 
by a Scanning electron microscopy (SEM).  By analysing the 3D morphology of the fracture 
surfaces, the fractography in the sample failure process was studied.  The SEM used was a 
Hitachi S-3700N analytical SEM.    
 
In the SEM experiment, first, the NC samples (after failure) were fixed on sample holders by 
carbon adhesive.  After that, the surfaces of the specimens were coated with an ultra-thin layer 
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of gold (10~20nm) to prevent the sample charging (by the electrons emitted from the SEM).  
In the coating procedure, a 90 seconds coating was conducted to ensure that an effective charge-
free gold layer was coated on every sample.  The coating machine is an SC 7640 Au/Pd sputter 
coater, provided by Emitech Company.  In the next step, the samples were loaded into a vacuum 
SEM observation chamber and the images of their fracture surfaces were taken.   
 
3.4.3 Optical microscopy (for fracture surfaces) 
 
The images of the fracture surfaces of some selected samples were taken by an SZX7 Stereo 
Microscope (Olympus, Japan).  The purpose of using OM was to provide an easier, faster 
approach to view the fracture surfaces, compared to using the SEM (but SEM can provide more 
information about the fracture surfaces, and higher magnifications).  The images were taken at 
magnification rates of 12.6times, 20times, 45times, 80times and 114times.   
 
 
3.5 Mechanical characterisations of NCs 
 
3.5.1 Tensile test  
 
Tensile tests were used to determine the Young’s modulus, tensile strengths, yield strengths 
and elongations of the obtained samples.  The shape of the test specimens was chosen as a 
standard ASTM-D638 dog-bone shaped samples as it is widely used to determine the tensile 
performance of polymer composites12,52,90.  
 
The dimension of the samples used for the test is shown in Figure 3.4.  The size of the specimen 
was kept quite small so as to minimise material use (CNTs) while maximising the number of 
replicates.  An Instron 5969 test machine with a 50kN load cell was used to perform the tensile 
tests, as shown in Figure 3.5-(a).  All experiments were conducted at room temperature with a 
cross-head speed of 2mm/minute.   
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Dimensions (see drawings) Size (mm) 
W/Wc—Width of the narrow section (mm) 3.18 ± 0.5 
L—Length of the narrow section (mm) 9.53 ± 0.5 
WO—Width overall (mm) 12 ± 0.5 
LO—Length overall (mm) 63.5  ± 0.5 
G—Gage length (mm) 7.62  ± 0.25 
D—Distance between grips (mm) 25.4  ± 5 
T—Thickness 3.2  ± 0.4 
R—Radius of fillet 12.7 ± 1 
 
Figure 3.4. A dog-bone shaped sample91. 
 
 
2cm 
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Figure 3.5. 50kN Instron 5969 tensile test machine.  Figure 3.5-(a) shows the setup for the 
tensile tests and Figure 3.5-(b) shows the setup for fracture toughness tests. 
 
3.5.2 Plane-strain fracture toughness test (SENB three point bending) 
 
Plane-strain fracture toughness tests were used to determine the fracture toughness of the 
obtained samples.  The fracture toughness values of the samples are expressed in the terms of 
the critical-stress-intensity factor, KIc.  The shape of the test specimens was chosen as a 
standard ASTM-D5045 as this standard is tailored especially for plastic materials64.  The 
outline of the specimen is shown in Figure 3.6.  Similar to the tensile test samples, the size of 
the specimen was kept small.  The test machine was the same as the tensile test (Instron 5969 
test machine, 50KN load cell) but the crosshead used was different, as shown in Figure 3.5-(b).  
According to the standard, the experiments were conducted at the same condition with the 
tensile test (room temperature with a crosshead speed of 2mm/minute)  
 
In a typical fracture toughness test, the load applied to the specimen (until failure) was recorded 
as a function of the displacement.  In the calculation of KQ, first of all, the diagram of load (y-
axis) and displacement (x-axis) was plotted.  An example of the graph is shown in Figure 3.7.  
After that, the load for the calculation of KQ was determined.  In this process, a straight line 
(a)                                               (b)                                                                         
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(AB), which fits the straight part of the graph (initial compliance), was drawn.  Then a second 
line AB’ with a 5% greater slope was drawn.  If the maximum load the specimen undertook, 
Pmax, falls within line AB and line AB’, then Pmax would be used to calculate the KQ of the 
specimen.  If Pmax falls outside line AB and line AB’, then PQ, which is the intersection of line 
AB’ and the load-displacement curve, will be used to calculate the KQ.  Figure 3.7 also explains 
how to determine the value of the load for the calculation of KQ.   
 
 
 
Dimensions (see drawings) Size (mm) 
W—Thickness of the specimen (mm) 10 
B—Width of the specimen (mm) 5  
a—Length of the notch (mm) 4.5~5.5 
L—Length of specimen (mm) 40 
ς—Width of notch (mm) < 0.31 
 
Figure 3.6.  An image and the schematic of an SENB sample. 
 
In addition, in this process, if it was found that Pmax/PQ >1.1, then the test would be considered 
as invalid.   
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Once the value of the load for the calculation of KQ had been determined, KQ can be calculated.  
The equations are listed as follows: 
 
𝐾𝑄 = (
𝑃𝑄
𝐵𝑊
1
2
)𝑓(𝑥) 
Where (0<x<1) 
𝑓(𝑥) = 6𝑥1/2
[1.99 − 𝑥(1 − 𝑥)(2.15 − 3.93𝑥 + 2.7𝑥2)]
(1 + 2𝑥)(1 − 𝑥)3/2
 
𝑥 = 𝑎/𝑊 
Here PQ is the value of the load for the calculation of KQ, which is obtained from previous 
calculation. 
 
 
Figure 3.7.  A graph of load (y-axis) and displacement (x-axis) obtained from an SENB 
test.  The diagram also shows how to determine the value of the load for the calculation of 
KQ
92. The load is represented by P and the displacement is represented by u.   C is the 
slope of the line AB. 
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Chapter 4: Effect of production procedures 
 
4.1 Effects of different CNT/epoxy mixing approaches, initial 
studies 
 
In this project, the first objective was to determine the most appropriate mixing approach to 
generate a homogeneous CNT/epoxy solution.    
 
Firstly, two different mixing approaches were used and their efficiencies in generating 
homogeneous CNT/epoxy solutions were compared.  The two different mixing approaches 
were: 
 
(1) Ultra-sonication 
(2) High shear mixing using a two blade stirrer 
 
Ultra-sonication (US) method was first chosen as the mixing approach, as it has been widely 
used as an approach to disperse CNTs into the matrices57,93,94.  Meanwhile, this method is easy 
to handle.  In addition, the US works better with the assistant with organic solvents, as the 
solvents lower the viscosity of the matrices and help with the dispersion process57.  However, 
the latest report has shown that the use of solvents may leave residual components in the 
composites and lower their mechanical performances13.  Therefore, the solvent-free process is 
now being pursued by the researchers working on this field13,61,80,82.  In this project, the epoxy, 
Epon 828, is a relatively high viscosity epoxy, and the using of solvent was restricted.  
Therefore, the only method to decrease the viscosity of the epoxy during the US process was 
to increase the temperature.  In this project, the US mixing procedures were conducted in a 
60℃ water bath and the mixing continued for one hour.  The power of the US machine was set 
to the highest energy level (80W).   
 
The high shearing method, using the high shearing overhead stirrer (HS), is another approach 
to disperse CNTs into the matrix. This kind of shearing method has been proved as an effective 
method of generating a homogeneous CNT/epoxy solution95,96.  More importantly, some of 
these methods can achieve a homogeneous CNT dispersion without the using of solvent.  
Therefore, in this project, an overhead stirrer and a two blade stirrer were employed.  The two 
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blade stirrer rotates at a high speed and generates shear forces to disperse the CNTs into the 
epoxy.   
 
For ultra-sonication mixing approach, three batches of NCs, reinforced by as-received (non-
functionalised) CNTs were made.  Their CNT loadings were: 0.5wt%, 1wt% and 2wt%.  For 
the high shearing mixing approach, one batch of NCs reinforced by 0.5wt% AR-CNT, was 
made.  For each batch, five dog bone shape samples were made and subjected to tensile tests. 
The preparing procedure is listed in Table 4.1. 
 
After the samples had been cured, firstly the samples were observed and some defects were 
found in all samples.  Images of those defects are presented in Figure 4.1 and Figure 4.2.  In 
these figures, the glossy, darker spots on the surfaces whose diameters were higher than 100µm, 
were defects; and the coarse, brighter regions are non-defect areas.  In addition, the hardness 
of the defects and the other regions were different.  The non-defect areas were relatively rigid 
Table 4.1. Sample preparation procedures for the initial study of the effects of different 
mixing approaches. 
No. Procedure 
1 Release agent coating 
2 Degassing of epoxy and hardener, de-gas 40g epoxy and 15g D-230 (50℃, 30min) 
3 Weight CNTs 
4 Pre-stirring CNT/epoxy, 100rpm, 100℃, 10minutes 
5 Mixing CNT/epoxy, 60℃, sonication, one hour, or High shearing CNT/epoxy, 
(2000rpm, 60℃,1 hour) 
6 Equilibration (100℃, 30min)---De-gas the mixture (50℃, 30min) 
7 Add hardener 
8 Hardener stirring (2000rpm, 40℃, 20min+50rpm, 40℃, 4min) 
9 De-gassing (50℃, 30min) 
10 Casting+ De-gassing (50℃, 30min) 
11 Rising temperature from 50℃ to 100℃ 
12 Curing stage, 100℃, two hours 
13 De-mould 
14 Annealing at 100℃, 30mins 
15 Sample polishing  
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whereas the defects were rubbery and jelly-like.  It is supposed that these defects were the 
outcomes of the inefficient mixing process applied in the sample production.  The CNT-epoxy 
mixing approach for making these samples was not strong enough to break all the big CNT 
bundles.  Therefore, some of them were left inside the NCs as big defects.  Also, the hardener 
mixing process is inadequate to break these CNT bundles and mix them with the hardener 
homogeneously.  Therefore, these parts contained with big bundles were not fully cured.  These 
big defects will greatly reduce the mechanical properties of the NCs, in all aspects.  Cracks 
could easily be initiated from these defects and expand their region, making the material fail, 
eventually. 
 
 
 
 
Defects 
2 cm 
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Figure 4.1.  An image of NCs specimens made by sonication. Their CNT contents are 
0.5wt%.  The defects are marked by red arrows.  
 
The defects were distributed inside the NCs and across their surfaces.  One evidence is that, in 
Figure 4.1, although there were a number of defects on the surfaces of the NCs, some of the 
NCs did not break from the defects but somewhere else.  However, in the Figure 4.5, it can be 
seen that there are defects in the middle of the fracture surfaces, distanced from the surfaces of 
 
Figure 4.2.  An image of NCs specimens made by high shearing.  Their CNT contents are 
0.5wt%. The defects are marked by red arrows. 
 
Defects 
2 cm 
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the NCs.  In addition, it can be seen that a number of cracks were initiated from these defects.  
Therefore, it can be possibly inference that for some NCs in Figure 4.1, they failed from the 
defects inside the NCs.           
 
It is clear that the samples prepared via HS were found to display fewer defects on the surface 
compared to the samples made via the US.  It indicates that the HS method can produce samples 
with better quality than the US method. 
 
Tensile tests have been conducted on all the obtained samples.  The tensile test results are 
shown in Figure 4.3 and Table 4.2. The tensile strengths of the US made composites reinforced 
by 0.5wt%, 1wt% and 2wt% as-received CNTs were 54.73%, 64.58% and 40.40% lower than 
the pure epoxy.  All US made samples did not show yield.  A representative tensile test curve 
of a 0.5wt% AR-CNT sample (made by US) is shown in Figure 4.4.  Great decreases of 
elongation were found on all US made samples.  Their elongations were 87.76%, 89.24% and 
85.27% lower than the pure epoxy.  The Young’s modules of all samples, including the pure 
epoxy, were similar.   
 
Figure 4.3.  Tensile strength data for all pure control samples and NCs specimens made by sonication.  
Error bars are included.  “AR-CNT US” is the abbreviation of “An As-received CNT reinforced 
composite made via ultra-sonication” and “AR-CNT HS” is the abbreviation of “An As-received CNT 
reinforced composite made via high shearing”. 
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Figure 4.4. The representative tensile test curves of the pure epoxy and US made NC 
samples.  The abbreviations are used to present the names of the samples.  The 
abbreviations of the samples can be found in Figure 4.3.  
 
In contrast, the NCs made via HS showed better mechanical properties than the NCs made via 
US.  The tensile strength of the 0.5wt% NCs made via HS, dropped 29.41% as compared to 
that of the pure epoxy, which was better than all the US made samples.  For the yield properties, 
the yield strength of the HS made samples dropped 7.27% compared to that of the pure epoxy, 
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Table 4.2.  The tensile test results of the US made samples. The uncertainties of 
the results are shown behind the mean of the measurements. 
CNT 
dispers
ion 
method 
CNT type CNT 
loading  
Tensile 
strength/Yield 
strength 
(MPa) 
Young’s 
Modulus 
(MPa) 
Elongation 
(%) 
N/A 
pure 
epoxy 
N/A pure 
epoxy 
pure 
epoxy 
69.36±0.49 
/51.58±0.35 
3.09±0.02 8.83±0.05 
US As-received 
CNT 
(AR-CNT) 
0.5wt% 31.40±2.90 
/No yield 
3.08±0.17 1.08±0.10 
US AR-CNT 1wt% 24.57±4.41 
/ No yield 
2.93±0.57 0.95±0.13 
US AR-CNT 2wt% 41.34±2.42 
/ No yield 
3.26±0.14 1.30±0.14 
HS AR-CNT 0.5wt% 48.96±2.20 
/47.83±1.50 
2.91±0.02 1.95±0.15 
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while US made NCs did not show yield.  Great decreases of elongation were found in all 
samples.  For the 0.5 wt% NCs made via HS, the elongations were 77.91% lower than the pure 
epoxy, but it was also better than the US made NCs.  The Young’s modules of the HS samples 
were similar to the other NCs.    
 
   
   
   
Figure 4.5.  Optical microscope images of the fracture surfaces of selected samples.  The samples are: 
pure epoxy (left column), 0.5wt% NCs specimens made by sonication (middle column) and high shearing 
(right column).  The images were taken at magnification rates of 12.6times, 80times and 114times  The 
defects are marked by yellow arrows. The lines on the pure epoxy images are the noise of the computer, 
which linked to the OM and the images were saved on this computer). 
 
The fracture surfaces of selected samples are shown in Figure 4.5 (pure epoxy samples, 0.5wt% 
NCs made via the US and 0.5wt% NCs made via the HS).  Large defects (diameter 500 µm) 
were found on the fracture surfaces.  In addition, voids were found in those defects, while voids 
were hardly seen in the pure epoxy sample.  These defects were most likely as CNT 
Voids 
Voids 
defects 
defects 
100 µm                                               100 µm                                               100 µm 
 
    50 µm                                                50 µm                                                50 µm 
 
 500 µm                                               100 µm                                                500 µm 
 
 
 
100 µm                                                100 µm                                                100 µm 
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agglomerations.  The large reduction of tensile properties on the obtained NCs was believed to 
be caused by these defects.   
 
The tensile strength results of the NC samples are much lower than empirical values from past 
studies, as as-received CNT reinforced epoxy should have the similar, or slightly lower, tensile 
strengths with the pure epoxy10,12.  A large number of defects (diameter of 1mm) were found 
in the samples, as shown in Figure 4.1.  A large number of smaller defects (diameters higher 
than 100 µm) were found on the fracture surfaces as well as shown in Figure 4.3.  They initiated 
the failure of the material and lower the mechanical properties of them.   
 
Although the HS method is better than the US method, the NCs made by HS were still 
determined to be unsatisfactory and this is believed to be caused by poor product quality. 
Visible defects (diameter varies from 500µm to millimetre scale) were found on the obtained 
NCs and hence they produced NCs with unsatisfactory mechanical performances.  A series of 
manufacturing parameters need to be checked and optimised to improve the mechanical 
properties of the NCs. 
 
 
4.2 Effects of different CNT/epoxy mixing temperature and mixing 
time 
 
In order to improve the CNT dispersion state, furthermore the mechanical properties of the 
samples, the effect of CNT/epoxy mixing temperature/time were studied to optimise the sample 
manufacturing process.  In this process, the following samples (all at 0.5wt% CNT loading, as-
received CNTs) were made (only the CNT/epoxy mixing process is different, the rest steps 
were the same as the optimised process in Table 3.3): 
 
(1) High shearing at 100℃ (2000rpm, 1hour) 
(2) High shearing at room temperature 25℃ (2000rpm, 1hour) 
(3) High shearing at room temperature 25℃ (2000rpm, 1hour) + High shearing at 0℃ 
(2000rpm, 1hour) 
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The design of the sample manufacturing follows such rule: to generate shearing force to the 
CNT/epoxy mixture as much as possible, in order to break big CNT bundles.    
 
After the NCs had been made, they were subjected to tensile tests.  From the tensile test results, 
it was found that sample (1) showed better performance than all previous samples (past HS 
samples and US samples) and Sample (2) was even better than sample (1).   Sample (3) is 
believed to have better mechanical properties than sample (1) and (2), but the obtained samples 
contained some voids.  Therefore, they were classified as unqualified samples.  The tensile test 
results of the sample (1) and sample (2), comparing with pure epoxy, samples made via US 
(0.5wt%) and samples made via HS at 60 ℃  are shown in Table 4.3.  In the following 
paragraphs, the details of the tests are presented and discussed.    
 
Table 4.3. The tensile properties of pure epoxy, samples made via US and samples made via 
HS at 60℃, 100℃ and room temperature, respectively.  The uncertainties of the results are 
shown behind the mean of the measurements. 
 
In the HS sample manufacturing optimisation process, the first trial was to increase the mixing 
temperature to achieve a better separation of the bundles, and then improve the CNT dispersion 
[sample (1)].  Past papers showed that at relatively high temperature, the epoxy viscosity will 
drop and the epoxy will flow easier.  In a relatively low viscosity system, using shearing forces 
to separate CNT bundles and distribute them into the epoxy resin would become easier97,98. In 
this trial batch, the mixing temperature of the CNT/epoxy mixture was set at 100℃.  The other 
processing steps remained the same, which is shown in Table 3.3.  Five dog bone shape samples 
[sample (1), HS at 100℃ ] were made and subjected to tensile tests.  The tensile test results are 
shown in Table 4.3.  In Table 4.3, it is clear that compared with the previous US and HS 
No
. 
CNT 
dispersion 
method 
CNT type CNT 
loading  
Tensile strength/ 
Yield strength at 
0.2% extension 
(MPa) 
Young’s 
Modulus 
(MPa) 
Elongation 
(%) 
1 N/A pure 
epoxy 
N/A pure 
epoxy 
pure 
epoxy 
69.36±0.49/ 
51.58±0.35 
3.09±0.02 8.83±0.05 
2 US AR-CNT 0.5wt% 31.40±2.90/ 
No yield 
3.08±0.17 1.08±0.10 
3 HS at 60℃ AR-CNT 0.5wt% 48.96±2.20/ 
47±1.50 
2.91±0.02 1.95±0.15 
4 HS at 100℃ AR-CNT 0.5wt% 74.30±2.10/ 
58.11±1.44 
2.82±0.05 4.37±0.33 
5 HS at room 
temperature 
AR-CNT 0.5wt% 78.51±4.59/ 
No yield 
2.84±0.04 2.99±0.17 
Hao Wu  MPhil Thesis 
50 
 
samples, the HS at 100℃ samples doubled the tensile strength and elongation.  In addition, HS 
100℃ samples also showed a higher yield strength than previous samples.  However, compared 
to the pure epoxy reference, although the HS 100℃ samples showed similar tensile strength 
and yield strength, a significant drop of the elongation was still found.  In order to figure out 
the reason for that, the fracture surface of one of the HS 100℃ samples were investigated by 
OM.  In addition, the polished cross section of the sample was checked by OM.  
 
 
Figure 4.6.  The fracture surface of one of the HS 100℃ samples.  Some of the CNT bundles 
with diameters of 100µm (grey areas) are marked by yellow arrows.  The boundary of the 
mist zone and hackle zone is marked by a yellow arc. 
 
The fracture surface of one of the HS 100℃ samples is shown in Figure 4.6.  Compared to the 
pure epoxy image in Figure 4.5, it can be clear seen that in Figure 4.6, there are a few CNT 
bundles in diameters of 100µm lay across the fracture surface, both the mirror zone and the 
hackle zone. It is also worth noticing that in the hackle zone, the crack growing paths were not 
diverted by the CNT bundles, the situation is the same in the mirror zone as well.  It reveals 
that these CNT bundles existed purely as defects inside the material and did not toughen the 
material.  This result also shows that the CNT dispersion states of the HS 100℃ samples were 
poor.   
CNT bundles 
Hackle zone 
Mirror zone 
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The polished cross section optical microscope image of one of the HS 100℃ samples is shown 
in Figure 4.7.  It provides a further evidence of the CNT dispersion state of the sample.  It can 
be clear seen that, similar to the fracture surface, there are also a few CNT bundles diameters 
of 100µm lay across the surface, which indicates a poor CNT dispersion as well. 
 
 
Figure 4.7. The polished cross section optical microscope image of one of the HS 
100℃ samples.  The CNT bundles with diameters of 100µm are marked by red ovals and 
arrows.  A white water stain was left on the sample and it is marked by a red arrow.  This 
image was taken without the assistance of the DIC. 
 
In order to improve the CNT dispersion state, the second trial, sample (2), which did the 
CNT/epoxy shearing at room temperature, was made.  The failure in the sample (1), HS at 
100℃ samples, showed that the shearing force applied to the CNT bundles was still not high 
enough to break them.  Therefore, the mixing method needed to be improved.  There were four 
potential ways to improve the shearing force in the mixing process.  
  
CNT bundles 
A white water stain 
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The first one was to increase the mixing speed.  In such circumstance, a higher shearing force 
is applied to the CNT bundles and achieves a higher extent of CNT separation.  Thus, the CNT 
dispersion state would be improved. 
 
The second one was to use a stirrer of different dimensions for mixing.  For example, using a 
four blade stirrer.  It could generate a more vigorous turbulence flow and a higher shearing 
force will be applied to the CNT bundles.  Therefore, the CNT dispersion state would be 
improved. 
 
The third one was to do mixing at an even higher mixing temperature.  It would lower the 
viscosity of the CNT/epoxy mixture and make the separation of CNT bundles easier, therefore, 
improve the CNT dispersion.  However, a lower resin viscosity would lower the shearing forces 
applied to the CNT/epoxy mixture.  Therefore, this solution should be adopted together with 
solution one or two, to ensure a sufficient shearing force. 
 
The last one was to reduce the mixing temperature to a relative lower temperature8,95,99.  It 
highers the CNT/epoxy viscosity.  In order to maintain the rotation speed, the overhead stirrer 
would apply a higher shearing force to the CNT/epoxy mixture.  Thus, the CNT dispersion 
state would be improved.   
 
Based on the current set up, without replacing the overhead stirrer to an overhead stirrer with 
a higher rotation speed, solution one is unpractical.  Similarly, without replacing the two blade 
stirrer with another stirrer, solution two is unpractical.  For solution three, as the commercial 
f-CNTs used in this project were grafted with amine groups and will react rapidly with epoxy 
at a temperature higher than 100℃, it becomes unpractical as well97.  Temporarily, there was 
no intention to change the current set up, so far.  Because determining the optimised 
CNT/epoxy mixing temperature was set as a prior research goal.  Therefore, solution four was 
adopted.  The process steps of this batch, HS at room temperature, are shown in Table 4.4.  In 
the CNT/epoxy mixing stage, the CNT bundles were dispersed step by step, under a gradually 
increased shearing force.  The reason to do so is that if a high shearing force was applied to the 
big CNT bundles directly, the big CNT bundles would be tossed outside the mixing beaker.   
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In this batch, five samples were made and tensile tests were conducted, the tensile test results 
are shown in Table 4.3.  It can be seen that the HS at room temperature samples showed a 
higher tensile strength and yield strength than the previous NCs and pure epoxy reference.  
However, compared with HS at 100℃ samples, the HS at room temperature samples showed a 
reduced elongation.  In addition, it was found that, be compared to the pure epoxy samples, the 
HS at room temperature samples had a reduced Young’s modulus/elongation but a higher 
tensile strength.  Possibly, it could be explained as the effect of the moderate extent of CNT 
dispersion.  In this batch of samples, some CNTs were evenly dispersed into the matrix while 
some CNTs were not.  The poor dispersed CNTs, showed as CNT bundles inside the NCs, they 
worked as defects in the failing process of the NCs and lowered the Young’s modulus and the 
elongation of the NCs.  The evenly dispersed CNTs worked as effective reinforcement, did 
effective crack resistance jobs and increased the tensile strength results of the samples.  
However, although the evenly dispersed CNTs could also improve the Young’s modulus and 
Table 4.4. Sample preparation procedures of the NCs made via HS at room 
temperature. 
No. Procedure 
1 Release agent coating 
2 Degassing of epoxy and hardener, de-gas 40g epoxy and 15g D-230 (50oC, 30min) 
3 Weight CNTs 
4 Pre-stirring CNT/epoxy, 100rpm, 100oC, 10minutes 
5 High shearing CNT/epoxy, (2000rpm, room temperature, 1hr) 
6 Equilibration (100oC, 30min)---De-gas the mixture (50oC, 30min) 
7 Add hardener 
8 Hardener stirring (2000rpm, 40oC, 20min+50rpm, 40oC, 4min) 
9 De-gassing (50oC, 30min) 
10 Casting+ De-gassing (50oC, 30min) 
11 Rising temperature from 50oC to 100oC 
12 Curing stage, 100oC, two hours 
13 De-mould 
14 Annealing at 100oC, 30mins 
15 Sample polishing  
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the elongation of the NCs, for this batch of samples, it seems that these improvements were 
hedged by the damages brought by the poor dispersed CNTs.    
 
The third attempt, sample (3), to improve the CNT dispersion state was to do CNT/epoxy 
mixing at a lower temperature (2000rpm at room temperature for one hour, plus 2000rpm at 
zero degree for one hour).  Doing mixing at zero degree would increase the resin viscosity to a 
further extent than at room temperature and then increase the shear force99.   
 
It is believed that sample (3) should show better mechanical properties than the sample (2).  
However, a series of big voids were found in the sample (3), which indicated low quality of 
the samples.  Therefore, some further improvements to the sample making were done and this 
part is discussed in the following sections (lower the CNT loading). 
 
 
4.3 Effects of different CNT loading 
 
Based on the researches presented and discussed in the previous section, an new CNT/epoxy 
mixing approach was proposed (2000rpm at room temperature for one hour, plus 2000rpm at 
zero degree for one hour).  This method was supposed to be more effective in the CNT bundle 
separation process than all the other procedures (in this project)99.  Because from the trend of 
the tensile property results shown in Table 4.3, it seems that lowering the CNT/epoxy mixing 
temperature would improve the mechanical performance of the NCs.  Therefore, the tensile 
properties of the NCs made via a room temperature CNT/epoxy mixing were better than the 
NCs made via high temperature (100℃) CNT/epoxy mixing.  Because of that, an extra one 
hour mixing step, high shearing at 0℃  was decided to be added to the previous sample 
preparation procedure (mixing at room temperature, one hour).  The reason of not just doing a 
0℃ mixing for one hour is because that, if the 0℃ CNT/epoxy mixing was subjected to the 
mixture in the very beginning, the low viscosity of the epoxy would make the CNT wetting 
impossible.  Therefore, the shearing forces could not be transferred to the CNT bundles through 
the epoxy matrix.  Under such circumstance, The CNT bundles would just flow with the epoxy 
rather than be separated by the shearing forces.  In the designed steps (2000rpm at room 
temperature for one hour, plus 2000rpm at 0℃ for one hour), the big CNT bundles would be 
supposed to be broken at the room temperature mixing process because a fully wetting of the 
CNT bundles is ensured.  Then the partly evenly mixed CNT/epoxy would be subjected to a 
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further mixing at 0℃, with higher shearing forces and a more homogenous CNT/epoxy mixture 
would be generated.    The NCs made via this method was believed to have better mechanical 
properties than the previous NCs.    
 
 
Figure 4.8.  Images of all samples made via 2000rpm at room temperature for one hour, 
plus 2000rpm at zero degree for one hour.  Voids due to inefficient degas are marked by 
red arrows. 
 
After the new dispersion scheme has been designed, five dog bone shape tensile test samples 
were made (as received CNT, 0.5wt%).  The processing steps are the listed in Table 3.3 
(optimised procedures).  After the samples had been cured, an image of the samples was taken 
and it is shown in Figure 4.8.  In Figure 4.8 it can be clearly seen that there are a series of big 
voids in millimetre scale.  The appearance of these voids was due to the too high viscosity of 
the CNT/epoxy mixture.  During the de-gassing process, the air in the mixture cannot move in 
the mixture due the high system viscosity, thus, they were not excluded completely.  Then these 
air bubbles appeared as voids on the cured NCs.   
 
In order to make qualified NCs and compare the enhancement effects between different f-CNTs, 
the CNT loadings of the NCs were lowered from 0.5wt% to 0.25wt%. 
 
Voids  
18mm 
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The samples, NCs reinforced by 0.25wt% as-received CNT, showed a good surface finish.  
Therefore, they were subjected to the tensile test.  The results are shown in Table 4.5, it can be 
seen that compared with pure epoxy, the new made NCs showed similar tensile properties, 
which is better than all the previous NCs.  Therefore, this developed sample preparation 
procedure was applied into the makings of the NCs (tensile samples) reinforced by 
functionalised CNT.   
 
 
 
4.4 Optimised NC manufacturing route using dissolver disk, initial 
study 
 
In Section 4.3, an optimised sample preparation procedure was developed.  The 0.25wt% AR-
CNT reinforced NCs showed similar tensile properties with the epoxy.  In addition, this 
preparation method was used to produce a series of functionalised CNT reinforced NCs.  Their 
tensile properties were compared.  However, according to past papers, NCs reinforced by 
0.25wt% as-received CNT should have a slightly higher mechanical property than the pure 
epoxy3,12,64.  It means that there was still possible to modify the mixing set up to make NCs 
with better mechanical properties.  Therefore, the two blade stirrer used in this project was 
replaced by a dissolver disk to achieve a better CNT dispersion state.    
 
A picture of a dissolver disk and a two blade stirrer are presented in Figure 4.9 for reference.  
According to past papers, a dissolver disk can generate higher shear force than a two blade 
stirrer and it can disperse the CNTs into the matrix in a more efficient way, as discussed in 
Section 4.261,80,95.  Therefore, in this project, NCs (0.25wt% as-received CNT loading) made 
via a dissolver disk were made and subjected to fracture toughness test.  The fracture toughness 
Table 4.5 Tensile test results of the pure epoxy and 0.25wt% AR-CNT NC samples.  The uncertainties of the 
results are shown behind the mean of the measurements. 
Sample 
 
Abbreviation Tensile 
strength (MPa) 
Extension 
(%) 
Young’s 
modulus (GPa) 
Yield strength at 
0.2% elongation 
(MPa) 
Pure epoxy Pure epoxy 69.36±0.49 8.83±0.05 3.09±0.02 51.58±0.35 
NCs reinforced by  
As-received  
(NC-7000) 
AR-CNT 70.26±0.66 10.17±0.39 3.16±0.04 52.61±0.74 
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(SENB test) of the NCs made via the optimised route but using the two blade stirrer was 
checked for comparison.  The fracture toughness results showed that the NCs made via 
dissolver disk showed higher fracture toughness improvement than the NCs made via a two 
blade stirrer.  The results are presented in Table 4.6.  In Table 4.6, it can be seen that compared 
with the pure epoxy, NCs made via a two blade stirrer showed an improvement of 2.17%.  At 
the same time, the NCs made via a dissolver disk showed an improvement of 10.31%, which 
fits the data from other studies12,64.  Therefore, the dissolver disk was applied into the makings 
of the NCs (fracture toughness samples) reinforced by functionalised CNT. Meanwhile, in 
order to further compare the effectiveness of different stirrers, a two blade stirrer was used to 
produce as-received CNT reinforced NC and several NCs with f-CNT fillers.  This part of the 
study is discussed in Chapter 5.     
 
 
 
Figure 4.9.  The outlooks of a dissolver disk and a two blade stirrer.  The diameter of the 
dissolver disk is 42mm and the diameter of the two blade stirrer is 38mm.  
 
 
Table 4.6. Fracture toughness test results of the pure epoxy and 0.25wt% AR-CNT NC samples made via 
the two different stirrers.  The uncertainties of the results are shown behind the mean of the measurements. 
Sample 
 
CNT loading (weight 
percentage) 
CNT type Improvement of 
Fracture toughness KIC   
NCs made by a two blade stirrer  
0.25wt% 
NC-7000 as-received 
MWCNT 
2.17% 
NCs made by a dissolver disk 10.31% 
4cm 
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Chapter 5: Effect of f-CNT on NC mechanical properties 
and CNT dispersion state 
 
5.1 Introduction 
 
Once the optimised processing steps (optimised mixing time/temperature and optimised stirrer) 
had been decided, NCs reinforced by various functionalised CNTs (f-CNTs) and as-received 
(non-functionalised) CNTs were produced.  The details of the made samples and done tests are 
listed in Table 5.1.  After samples were made, their mechanical properties (tensile properties 
and fracture toughness) were characterised, compared and discussed.   
 
After the mechanical properties between different NCs have been compared, the next thing is 
to reveal their failure mechanisms.  In the study of the failure mechanism, the reason of the 
improved elongation, for the NCs reinforced by as-received CNTs and the TC functionalised 
CNTs, was purposed.   This part of the study was conducted by viewing the fracture surface of 
the composites, using an SEM.  As discussed in the literature review, in the failure process of 
a NC, the CNTs would consume a large amount of energy to misdirect/branch/stop the crack 
growing paths.  These effects would make the fracture surfaces of the NCs rough.  The rougher 
surfaces of some of the NC samples can be clearly viewed by an SEM.  In SEM micrographs, 
a rougher surface indicates a higher number of heavily and a better ductility of the material (In 
this project, due to the capability of the SEM, only the crack deflection effects were observed).   
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Table 5.1.  Details of the study of NCs reinforced by 0.25wt% f-CNTs. Including the types of the f-CNTs used, 
CNT loadings, names of the done tests 
Sample name 
/CNT type 
Abbreviation Stirrer used Tensile 
test 
Fracture 
toughness 
test 
Polished 
cross 
section 
SEM, 
tensile 
samples 
SEM, 
SENB 
samples 
NCs 
reinforced by  
As-received  
(NC-7000) 
AR-CNT Two blade stirrer √ √  √  
AR-CNT-NDD Dissolver disk  √ √  √ 
 
NCs 
reinforced by  
TC-GMA-
CNTs 
TC-GMA Two blade stirrer √ √  √  
TC-GMA-NDD Dissolver disk  √ √  √ 
 
NCs 
reinforced by  
TC-MMA-
CNTs 
TC-MMA Two blade stirrer √ √  √  
TC-MMA-NDD Dissolver disk  √    
 
NCs 
reinforced by  
NH3-CNTs 
NH3-CNT Two blade stirrer √ √  √  
NH3-CNT-
NDD 
Dissolver disk  √   √ 
 
NCs 
reinforced by  
NH2-CNTs 
NH2-CNT Two blade stirrer √   √  
NH2-CNT-
NDD 
Dissolver disk  √ √   
 
NCs 
reinforced by  
N2-CNTs 
N2-CNT Two blade stirrer √   √  
N2-CNT-NDD Dissolver disk  √    
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5.2 The influence of different CNTs on the tensile properties of the 
NCs 
 
In this project, an initial study of the reinforce effects of different CNTs was done by comparing 
their tensile properties.  In this part of the study, the CNT/epoxy mixtures were processed using 
a two blade stirrer.  For each group of the samples, ten dog bone shape samples were made 
with a 0.25wt% CNT loading. The tensile test results show that the commercial functionalised 
CNTs showed reduced elongation results from the pure epoxy samples.  The numbers of the 
reductions of the 0.25wt% NH3-CNT/epoxy, 0.25wt% NH2-CNT/epoxy and 0.25wt% N2-
CNT/epoxy samples were 13.81%, 43.60% and 18.23%, respectively.  The elongation results 
of the as-received CNT reinforced NCs and NCs reinforced by thermochemical grafted CNTs 
are higher than the pure epoxy sample. The numbers of the improvements of the 0.25wt% AR-
CNT/epoxy, 0.25wt% TC-GMA-CNT/epoxy and 0.25wt% TC-MMA-CNT/epoxy samples 
were 15.18%, 18.12% and 14.84%, respectively.  The tensile strength, Young’s modulus and 
the yield strength at 0.2% elongation of all samples are about on the same level. 
 
The typical tensile stress-strain curves of the pure epoxy and NCs reinforced by 0.25wt% CNTs 
are illustrated in Figure 5.1.  The mechanical properties of the NCs, including the tensile 
strength, extension, Young’s modulus and the yield strength (at 0.2% extension), are listed in 
Table 5.2.  These results are also shown in Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5.   
 
 
Table 5.2.  Tensile test results of the pure epoxy and NC samples (0.25wt%).  The 
uncertainties of the results are shown behind the mean of the measurements.  The meanings 
of the sample name abbreviations can be found in Table 5.1. 
Sample Tensile 
strength (MPa) 
Extension 
(%) 
Young’s 
modulus (GPa) 
Yield strength at 0.2% 
elongation (MPa) 
Pure epoxy 69.36±0.49 8.83±0.05 3.09±0.02 51.58±0.35 
AR-CNT 70.26±0.66 10.17±0.39 3.16±0.04 52.61±0.74 
TC-GMA 65.33±0.34 10.43±0.44 3.01±0.03 44.98±0.40 
TC-MMA 68.75±0.87 10.1±0.44 3.1±0.06 50.0±0.77 
NH3-CNT 67.70±0.65 7.61±0.39 3.12±0.05 45.53±0.73 
NH2-CNT 69.44±0.91 4.98±0.40 3.41±0.08 46.67±0.92 
N2-CNT 70.62±0.89 7.22±0.53 3.15±0.03 50.53±0.97 
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Figure 5.1.  The representative tensile test curves of the pure epoxy and NC samples.  The 
abbreviations are used to present the names of the samples.  The abbreviations of the 
samples can be found in Table 5.1.  
 
 
 
 
Figure 5.2. Tensile strengths of the pure epoxy and NC samples.  The abbreviations are 
used to present the names of the samples.  The abbreviations of the samples can be found 
in Table 5.1. 
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Figure 5.3.  Elongations of the pure epoxy and NC samples.  The abbreviations are used to 
present the names of the samples.  The abbreviations of the samples can be found in Table 
5.1. 
 
 
 
 
 
 
Figure 5.4.  Young’s modulus of the pure epoxy and NC samples.  The abbreviations are 
used to present the names of the samples.  The abbreviations of the samples can be found 
in Table 5.1 
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Figure 5.5.  Yield strengths at 0.2% elongation of the pure epoxy and NC samples.  The 
abbreviations are used to present the names of the samples.  The abbreviations of the 
samples can be found in Table 5.1. 
 
From the tensile test results in Figure 5.1-5.5 and Table 5.2, it can be seen that for all the NCs, 
no significant improvement (higher than 10%) was made on the tensile strength, Young’s 
modulus and yield strength at 0.2% elongation.  This no-improvement phenomenon could be 
caused by the low CNT loading (0.25wt%) and the concentric structure of the CNTs 
(MWCNTs).  In addition, the brittle mechanical properties of the glassy matrix also contributed 
to this phenomenon. 
 
The outcome of the no improved properties due to a low CNT loading generally agrees with 
the research done by other researchers.  Table 5.3 lists a series of CNT/epoxy NCs made by 
other researchers and compares their mechanical property improvements from their pure epoxy 
matrices.  Ideally, CNTs should be able to improve the tensile properties of the matrices 
significantly, even at low CNT loadings1,7.  However, experiments found that only at relatively 
high CNT loading, typically higher than 1wt%, there will be enough amount of CNTs 
distributed across the whole material to do efficient load transfer process, hence improve the 
mechanical properties of the NCs100.  
 
The concentric structure of the MWCNTs also contributed to the no improved properties of the 
NCs.  In the tensile tests, only the outer layers of the MWCNTs made contributions in the load 
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transfer process while the internal layers did not (in tensile tests, the load cannot be transferred 
to the inner layers) 64.  For two imaginary NCs reinforced by SWCNT and MWCNT 
respectively (same weight percentage, same CNT length, same extent of CNT dispersion state), 
the total weight percentage of the SWCNT can make contributions to the mechanical 
reinforcement, while for the MWCNT, the weight percentage is only around 10%.  For an NC 
with a low MWCNT loading, actually, there is even less material working as “real” 
reinforcements in a tensile test.   
 
Table 5.3. Mechanical property improvements of NCs reinforced by as-received CNTs and 
functionalised CNTs from their pure epoxy matrices.  The uncertainties of the results are shown 
behind the mean of the measurements. 
 
Sample 
 
CNT 
type 
Filler 
content 
(wt%) 
Tensile strength 
improvement 
(%) 
E 
improvement 
(%) 
Elongation 
improvement 
(%) 
Ref 
MWCNT/epoxy 
Florian 2005 
 
MWCNT 
 
0.10 -1±1 7±3 N/A 
 
64 
0.30 -1±1 6±3 
0.50 
(with 
voids) 
-4±1 0±3 
 
NH2-
MWCNT/epoxy 
Florian 2005 
MWCNT
-NH2 
 
0.10 1±3 11±3 N/A 64 
0.30 0±3 8±3 
0.50 1±3 8±3 
 
MWCNT/epoxy 
Yang 2012 
MWCNT 1 2 1 -40 12 
4 -4 4 -50 
 
MWCNT/Rubbery 
epoxy Yang 2012 
MWCNT 1 29 -11 38 12 
4 34 23 13 
 
In addition, how much the CNT properties can dominate the properties of the NCs also depends 
on the properties of the matrix.  CNTs show a more effective enhancement effect in rubbery 
materials than glassy materials, as discussed in the literature review part3,12,85.  In this project, 
the epoxy used (EPON 828+D-230) is a glassy epoxy12. 
 
From the tensile results, it can be seen that the commercial functionalised CNTs had reduced 
the tensile elongation of the resin dramatically.  The average elongations of the 0.25wt% NH3-
CNT/epoxy, 0.25wt% NH2-CNT/epoxy and 0.25wt% N2-CNT/epoxy, were 13.81%, 43.60% 
and 18.23% lower than the pure epoxy.  Meanwhile, similar phenomena did not happen to the 
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NCs reinforced by TC functionalised CNTs and as-received CNTs.  These results agree with 
the work done by other researchers, that some commercial functionalised CNTs reduced the 
elongation of the resin11,75,101.   The shorten elongation can be concluded as a combination with 
the poor CNT dispersion together with the degraded CNT structure. 
 
The commercial functionalisation method degrades the scaffold of the CNTs, leading to the 
decreasing elongations of the NCs.  The commercial functionalisation methods break some 
pristine sp2  bonds in CNTs and attaches chemical molecules onto the CNT sidewalls via 
covalent bonding102,103.  Although these methods can modify the surface chemistry of the CNT 
and improves the miscibility of the CNTs in the matrix, they create voids (reactive sites) on the 
CNT surfaces15,74.  Then the benefit of the improved miscibility was shadowed by the damaged 
CNT structure, so the mechanical properties of the NCs dropped.   
 
However, the reduced elongations were not only caused by damaged CNT structure, but also 
together by a poor CNT dispersion. The suggested explanation of the poor CNT dispersion is 
because part of the amine grafted CNTs on the surface of the NH2-CNT bundle reacted with 
the epoxy in the mixing process.  It formed big CNT bundles and they worked as defects in the 
tensile tests.  The happening of the NH2-CNT/epoxy reaction during the mixing process was 
caused by the high processing temperature, during several particular steps.  In the process, a 
few steps were conducted under temperatures at 100℃  (10mins), 25℃ (1hour) and 40℃ 
(20mins).  The 150℃ gel time of the epoxy used in this project, Epon 828, is 2.3 minutes97.  
Therefore, the processing conditions mentioned previously were sufficient for the NH2-
CNTs/epoxy cross linking reaction.  The amine groups on NH2-CNTs formed a strong covalent 
bond with the epoxy and stabilised the positions of the NH2-CNTs on the surface of the bundle.  
Therefore, a “shell” was produced around the NH2-CNT bundle.  The “shell” was formed by 
covalent bonds, which were hard to be broken by mechanical stirring/shearing.  Then, the NH2-
CNTs inside these bundles lost the opportunity to be mixed with the epoxy and only part of the 
CNTs were dispersed into the matrix.  Thus, the CNT bundles were preserved in the later 
process steps.   
 
The CNT bundles with “shells” exist as weak defects inside the cured NCs.  Only the outer 
surface of them connected to epoxy via covalent bond while the inner part of these CNT 
bundles were combined together via van der waal forces.  Therefore, in the failure process of 
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the material, theoretically, the cracks just passed through these defects rather than passing 
around it.  In this process, no toughening process would happen.  In addition, these CNT 
bundles could even initiate cracks64.  With these facts, the commercial functionalised CNTs 
lowered the elongations of the NCs.  However, so far, there is no evidences proving the 
existence of these “shells”.  The evidences of the existence of these bundles were provided in 
the later part of the thesis.    
 
The SEM images of the fracture surfaces of the NCs reinforced by commercial functionalised 
CNTs also prove that the materials were weakened by the f-CNTs (Figure 5.7).  Compared 
with other CNT reinforced NCs, as shown in Figure 5.6 and 5.8, the NCs reinforced by 
commercial functionalised CNTs have less rough fracture surfaces.  Therefore, there was less 
energy consumed on the fracture surfaces of the commercial functionalised CNT/epoxy than 
the TC functionalised CNT/epoxy and the as-received CNT/epoxy.   
 
However, in the study of the tensile properties of the NCs, the CNT dispersion states of the 
commercial functionalised CNT bundles in the epoxy were not be examined.  Therefore, the 
possible explanation purposed previously cannot be confirmed in this step.  In Section 5.3, the 
CNT dispersion states of the fracture toughness samples were examined and the “shell-like” 
explanation was studied.   
 
  
Figure 5.6.  SEM micrographs of the tensile fracture surface of a pure epoxy (a) and a 0.25wt% as-
received CNT reinforced NC (b). 
 
(a) (b) 
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Figure 5.7.  SEM micrographs of the tensile fracture surface of a 0.25wt% N2-CNT reinforced NC (a), 
a 0.25wt% NH2-CNT reinforced NC (b) and a 0.25wt% NH3-CNT reinforced NC (c) . 
 
  
Figure 5.8. SEM micrographs of the tensile fracture surface of a 0.25wt% TC-GMA-CNT reinforced 
NC (a) and a 0.25wt% TC-MMA-CNT reinforced NC (b). 
 
Compared with commercial functionalised CNT reinforced NCs, the rest of NCs, showed 
higher elongation results than the pure epoxy.  Compared with the pure epoxy, the TC-GMA-
CNTs reinforced NCs increased the elongation from the pure epoxy for about 18.12%, which 
is the highest in all NCs.   The numbers for as-received CNTs reinforced NCs and TC-MMA 
NCs are 15.18% and 14.84% respectively.  The enhanced elongations show that the matrix in 
these NCs was toughened by the CNTs/f-CNTs.  Theoretically, these CNTs were undamaged.  
Therefore, they could work as effective reinforcements once they have an adequate dispersion 
state in the NCs.  Among these CNTs, the TC-GMA-CNTs showed the highest reinforcing 
effect.   
 
For the as-received CNT reinforced NC and the thermochemical functionalised CNTs 
reinforced NCs, their fracture surfaces were viewed by SEM.  Their SEM images in Figure 5.6 
and 5.8 showed rougher surfaces than the pure epoxy and the commercial functionalised CNTs 
(a) (b) 
(a) (b) (c) 
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reinforced NCs.  In addition, the TC-GMA-CNT reinforced NCs had a rougher surface than 
the TC-MMA-CNTs reinforced NCs and the as-received CNTs reinforced NC.  It agrees with 
the elongation results.  The epoxy matrix was effectively toughened by the TC grafted CNTs 
and the as-received CNTs.   
 
  
  
Figure 5.9. SEM images of the fracture surface of the pure epoxy tensile sample.  The red 
rectangle in each image roughly marks the magnified zone in the image next to it ( the one 
with higher magnification). 
 
A close look at the pure epoxy reference was done to study its failure mechanism.   The taken 
SEM images are shown in Figure 5.9.  Generally, both the overview and the close looks of the 
fracture surface are smooth, which shows a brittle failure of the material.  In Figure 5.9-(b), (c) 
and (d), the growth paths of the cracks are clearly shown.  In Figure 5.9-(c), it can be seen that 
although the growth paths of the cracks in the hackle zone were twisted, the degrees of the 
twists were small and generally the crack grew along straight lines.  The twisted cracks went 
through longer distances than if they were straight cracks, which would consume energy.  The 
higher the degree of twisting, the higher the energy consumed and the material will be tougher.  
Some more details of the slightly twisted cracks can be seen in Figure 5.9-(d).   
(c) (d) 
(b) 
Mirror zone 
Hackle zone 
Mirror zone 
Hackle zone 
(a) 
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Figure 5.10.  SEM images of the fracture surface of the 0.25wt% AR-CNT NC.  The red 
rectangle in the image (a)  roughly marks the magnified zone in the image next to it ( the 
one with higher magnification).  The CNT bundles are marked by red arrows. 
 
In the pure epoxy sample, although the cracks were twisted in their growing process, the 
degrees of the twisting in the as-received/functionalised CNT reinforced NCs are higher than 
that of pure epoxy.  Details of the fracture surface of the 0.25wt% AR-CNT/epoxy NC are 
shown in Figure 5.10.   
(a) 
Mirror zone 
Hackle zone 
 (b) 
Mirror zone 
Hackle zone 
CNT bundles 
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In Figure 5.10-(b), it can be seen that there are a large number of twisted cracks, which formed 
a highly irregular pattern on the fracture surface.  These irregular patterns illustrate that the 
fracture surfaces are rough.    In addition, the degree of the surface roughness of the AR-CNT 
NC is higher than the pure epoxy sample, compared to Figure 5.9-(b).  A clearer comparison 
can be done by comparing Figure 5.9-(a) with Figure 5.10-(a).  In Figure 5.10-(a), the right 
part of the fracture surface, or called the ending parts of the cracks, shows a highly rough 
surface.  It indicates that the cracks were highly twisted here during the ending of the failure 
process.  Meanwhile, the pure epoxy did not show similar phenomena.  More energy was 
consumed on the twisted cracks on the AR-CNT NC samples, compared to the pure epoxy 
samples.  Some CNT bundles were found on the fracture surface, as shown in Figure 5.10-(a).  
These defects could weaken the material.  However, the tensile results showed a contrast result, 
the AR-CNT NCs had a higher elongation than the pure epoxy.  It illustrates that although the 
AR-CNT NC has several CNT bundles, the toughening effect of the dispersed CNTs overcame 
the disadvantage of the existence of the bundles.  
 
Among the TC grafted NCs, the fracture surface of the TC-GMA-CNT reinforced NC is 
rougher than the TC-MMA-CNT reinforced NC, as shown in Figure 5.8.  Also, the elongation 
of the TC-GMA-CNT reinforced NC is slightly higher than the TC-MMA CNT reinforced NC.   
It could be explained as TC-GMA-CNTs have a better solubility in the epoxy than TC-MMA-
CNTs.  The chemical structures of the EPON 828 resin, TC-MMA-CNT and TC-GMA-CNT 
are illustrated in Figure 5.11-a, Figure 5.11-b and Figure 5.11-c, respectively.  It can be seen 
that both the epoxy and the GMA have epoxide groups.  They have a good solubility with each 
other.  According to the Flory–Huggins solution theory: 
 
∆𝐺𝑚 = 𝑅𝑇[𝑛1𝑙𝑛∅1 + 𝑛2𝑙𝑛∅2 + 𝑛1∅2𝜒12] , 𝜒12=𝑉𝑠𝑒𝑔(𝛿1-𝛿2)
2/RT 
In a polymer/solvent solution, the lower the changes of the Gibb free energy, the better the 
solubility of the polymer in the solvent.  The CNT/epoxy dispersion process does not change 
the enthalpy of the mixture so the Flory-Huggins theory does not apply directly to this 
process104.   However, in this study, the polymers were grafted onto CNT sidewalls and could 
be seen as one component in the polymer solution (epoxy).  Therefore, the mixing process of 
the grafted polymer in the epoxy can affect the CNTs/epoxy dispersion process23.  In the Flory–
Huggins solution theory, the smaller the value of 𝛿1-𝛿2 is, the smaller the 𝜒12 and the ∆𝐺𝑚 will 
Hao Wu  MPhil Thesis 
71 
 
be, which indicates a stronger interaction between the polymer and the solvent.  Therefore, an 
easier dispersion process of the polymer/solvent can be achieved105.  The solubility of the epoxy, 
GMA and MMA are 9.5 (cal/cm3)1/2, 8.9 (cal/cm3)1/2 and 6.7 (cal/cm3)1/2 , respectively105,106,107.  
The solubility parameter difference between the epoxy and GMA is smaller than the difference 
between epoxy and MMA.  In addition, the GMA on the CNT surface could react with the 
hardener and connects the CNTs with the epoxy by covalent bonds.  
 
 
n=0.1 
 
 
n=3 
 
n=2.8 
 
Figure 5.11. Chemical structures of the EPON 828 (a), the TC-MMA-CNT (b) and the 
TC-GMA-CNT (c)74,89. 
 
Overall, GMA grafted CNTs should have stronger interaction/bondings with the epoxy and a 
better dispersion state in the epoxy than the MMA grafted CNTs.  Therefore, during the failing 
process of the NCs, the TC-GMA-CNTs had stronger toughening effects than the TC-MMA-
CNTs.  There were more diverted cracks on the NCs reinforced by TC-GMA-CNTs than the 
NCs reinforced by TC-MMA-CNTs, as shown in the SEM images (Figure 5.8).  The fracture 
surface of the previous NCs consumed more energy than the latter NCs, and lead to two 
different fracture surfaces with different surface roughness.   
 
(b) (c) 
(a) 
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For the TC-GMA NCs, SEM images at high magnification (higher than 800X) were taken to 
study the failure mechanism.  As the toughening mechanism in micrometre scale have been 
illustrated previously.  At such high magnification, how a small amount of CNTs diverted the 
growth of the cracks can be viewed.  This kind of study was only conducted to the TC-GMA 
NC.  Because for the other NCs, more or less there were some CNT bundles in the material.  
Therefore, it was difficult to identify the reinforcing mechanism of small CNTs bundles, or 
individualised CNTs (if can be seen).  The taken images of the TC-GMA NC are presented in 
Figure 5.12.   
 
In Figure 5.12, especially in the Figure5.12-(d), it can be seen that a crack passed point A, B 
and C.  The starting point of this crack, whether from A or C, is unclear, here it was assumed 
that the crack started from A.  It can be clearly seen that a crack the cracks were diverted by 
the CNTs/small CNT clusters in the matrix.   In Figure 5.12, the whiskers with a lighter colour 
than the matrix are the CNT bundles.  In Figure 5.12-(a), a fracture surface with a high degree 
of roughness can be seen, which indicated a highly toughened material.  The process of how a 
crack was diverted was recorded and shown in Figure 5.12-(c) and (d).  In these two figures, it 
can be seen that a crack passed around a small CNT bundles (diameter < 1µm).  When the 
crack reached point A in Figure 5.12-(d), there was a CNT toughened area/phase ahead.  The 
energy required for the failure of this area was greater than the area the crack went through 
before reaching the point A.  Therefore, the crack was stopped.  In order to pass through this 
area, the crack found a relatively weaker area to break (point B is in this area), which is around 
this toughened area and it has a circle-like outlook.  The crack was diverted to two small cracks.  
Extra energy was consumed in this process, compared to the situation if the crack was not being 
diverted.  After the crack had passed through point B, it wanted to find a route that consumes 
energy as less as possible.  Therefore, it tended to go back to its original direction (the direction 
before it reached point A).  In the end, the two diverted cracks choose to go to point C, where 
the material was relatively weaker, and united together again.  In Figure 5.12-(c), it can be seen 
that the crack was further diverted and branched by other CNTs, after passed through point C, 
which consumed more energy.  
  
In the middle of Figure 5.12-(d), it can be seen that there are a few cracks initiated from a small 
CNT cluster.   They can be explained by the Cook-Gordon process6.  When the crack reached 
point A, the load applied to the CNT cluster actually was higher than the load applied at point 
A.  Under such high load, some of the material cracked and formed some small cracks.  
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However, these micro cracks were stopped and did not join together with the approaching crack 
because the area was toughened by CNTs.  It provides another evidence that CNTs can toughen 
the material.     
 
For the crack in Figure 5.12, it is worth to be noticed that it is possible that the crack was started 
from point B and expanded to point A and B.  However, the possibility of such situation is 
quite low, as there were cracks exist before point A and after point B.    
 
  
  
Figure 5.12.  SEM images of the fracture surface of the 0.25wt% TC-GMA NC.  The red 
rectangle in each image roughly marks the magnified zone in the image next to it ( the one 
with higher magnification).  In Figure 5.12-(b), the CNT rich areas are marked by series of 
thin red arrows.   In Figure 5.12-(c), the crack growing path is marked by s eries of thin 
red arrows.  Also, the failure direction of the material and the crack growing path are 
marked by red arrows.   
 
For the TC-MMA reinforced NC, compared to AR-CNT reinforced NC, although the previous 
NC has a rougher surface than the latter NCs, their tensile properties are about the same.  
Therefore, the overall reinforcing effects of these two CNTs are about on the same level.  It 
can be explained as a possible slightly damaged TC-MMA-CNT structures.  In the production 
(c) (d) 
(b) 
Failure direction of the NC                             Failure direction of the NC 
CNT rich area 
Failure direction of the NC                           
 
(a) 
 
The crack growing path  
The crack growing path  
Failure direction of the NC 
Point B     
                           Point C 
Point A 
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of the thermochemical functionalised CNTs, the CNTs were washed in an organic solution by 
sonication for a short time.  It may have had slightly damaged the CNTs.  Therefore, the 
benefits of the functionalisation were hedged by the slightly damaged structures of the CNTs.  
This problem did not happen to the TC-GMA-CNTs because their miscibility and interface 
bonding with the epoxy are higher than the TC-MMA-CNTs.  The benefit of the 
functionalisation overcame the disadvantage brought by the slightly damaged structures.   
 
So far, in the study of the tensile properties of the NCs, for TC-GMA NCs, many cracks were 
diverted and these processes consumed a lot of energy.  Theoretically, this effect would 
toughen the material and improve the tensile property of the material in all aspect.  However, 
as mention previously, the low CNT loading and the concentric structure of the MWCNTs 
limited the toughening effect, only an increased elongation was found.   
 
 
5.3 The influence of different f-CNTs in the fracture toughness of 
the NCs 
 
5.3.1 Introduction 
 
In the fracture toughness tests, the list of the tested samples is shown in Table 5.1.  NCs (made 
via the dissolver disk/two blade stirrer) were made to compare the reinforcing effects of the as-
received CNT and the f-CNTs.  In the fracture toughness test, for each sample, at least four 
individually specimens were made and tested so a statistical evaluation can be done to the 
results.   
 
5.3.2 The fracture toughness of the NCs reinforced by different f-CNTs 
 
The fracture toughness test results of the NCs reinforced by different f-CNTs are presented in 
Figure 5.13 and 5.14.  The percentages of the improvements (from the pure epoxy references) 
are listed in Table 5.4.   
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Figure 5.13.  Fracture toughness results of the pure epoxy and NC samples (most of the 
NCs were made via a dissolver disk).  The abbreviations are used to present the names of 
the samples.  The abbreviations of the samples can be found in Table 5.1. 
 
 
Figure 5.14.  Fracture toughness results of the pure epoxy and NC samples (most of the 
NCs were made via a two blade stirrer).  The abbreviations are used to present the names 
of the samples.  The abbreviations of the samples can be found in Table 5.1.  
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Table 5.4.  The fracture toughness improvements from the pure 
epoxy reference, for all the made NC samples 
Sample abbreviations Fracture toughness improvements 
AR-CNT 2.17% 
TC-GMA 9.43% 
TC-MMA 5.00% 
NH3-CNT 2.33% 
 
AR-CNT-NDD 10.31% 
TC-GMA-NDD     16.48% 
TC-MMA-NDD 5.73% 
NH3-CNT-NDD 8.04% 
NH2-CNT-NDD 9.37% 
N2-CNT-NDD 10.01% 
 
In the tests, because of some unknown reasons, the absolute values of the fracture toughness 
results were amplified.  Possible reasons were: wrong voltages of the test machine; un-
calibrated load cell; software error; a slower loading rate than the standard (2mm/min in the 
test while ASTM standard says 10mm/min, the viscoelastic property of the material will make 
it response differently under different test rates); not standard notch tip (the ASTM standard 
asks for a sharp notch tip, but in this project, the notch of the SENB samples were cut by a wire 
saw.  Therefore, the notch tips of the NCs were actually arch-like).     Therefore, in this report, 
only the improvement values (relative values) between different NCs (Table 5.4) were 
compared.    
 
From the fracture toughness results in Table 5.4, it can be seen that, compared with the f-
CNTs/epoxy NCs, the as-received CNT/epoxy NCs benefited more by the using of the 
dissolver disk.  For NCs reinforced by as-received CNTs, the NCs made via a dissolver disk 
showed an 8.14% further improvement from the NCs made via a two blade stirrer (from 2.17% 
to 10.31%).  For the TC-GMA reinforced NCs, the number is 7.05%.  For the NH3-CNT 
reinforced NCs, the number is 5.71%. The number for the TC-MMA reinforced NCs is 0.73%, 
which is the lowest.    It revealed that for the as-received CNTs, the using of the two blade 
stirrer may only have achieved a limited dispersion.  More important, by using the dissolver 
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disk, the dispersion state of the as-received CNT in the epoxy had a significant improvement.  
However, the dispersion state of the AR-CNT NCs (made via a two blade stirrer) needs to be 
checked.      
 
The CNT dispersion state of the 0.25wt% AR-CNT-NDD NC was checked.  There are two 
purposes of this part of the study.  First, it is necessary to see whether the dispersion state of 
the AR-CNT/epoxy mixture is homogeneous or not.  If it was homogeneous (or at least no 
CNT bundles at hundred micrometre scale), then it could be considered that the f-CNT/epoxy 
mixtures should also have better dispersion states because they are functionalised CNTs.  The 
second purpose is to see whether the CNT dispersion states in different planes of the sample 
were identical or not.  If it was not, then it meant that the mechanical properties of the NCs 
were non-isotropic, as CNTs affects the mechanical properties of the NCs.  Therefore, the 
mechanical properties of the NCs can only be determined once their mechanical properties on 
all their different axes had been determined.  The goals were achieved by checking the CNT 
dispersion states of the three different planes of the 0.25wt% AR-CNT-NDD NC.  The research 
approach was to view the polished cross section of these three planes, under differential 
interference contrast (DIC) lens.  The naming of the planes is introduced in Chapter 3.  For 
0.25wt% the AR-CNT-NDD NC panel, the “X BO”, “Y BO” and “Z BO” pieces were cut and 
viewed.  The positions of the cut pieces can be seen in Figure 3.3 (for reference).   
 
The representative polished cross section images of the 0.25wt% AR-CNT-NDD NC are shown 
in Figure 5.15. It is clear that a high dispensability of the as-received CNTs in the epoxy was 
achieved by using high shearing process.  Only few agglomerates at 50µm scale were found.  
It indicates an improved CNT dispersion state superior than the prior NCs.  The modified CNT 
mixing process broke the CNT bundles effectively.  Also it is the reason of the improved 
fracture toughness.  In addition, the dispersion states between different planes were identical, 
which shows an even distribution of the dispersion state through the panel.  Therefore, for the 
rest of NCs, including 0.25wt% TC-GMA-NDD and 0.25wt% NH2-NDD, only the CNT 
dispersion states in the “Y BO” positions were viewed.   
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Figure 5.15.  Polished cross section images, under DIC lens, 0.25wt% AR-CNT NDD, X face (a), Y 
face (b) and Z face (c).  The CNT bundles are marked by white arrows. The arrows of the 
thickness/width/resin flow directions only show the planes of the directions, not the practical 
directions.  Because the samples were rotated.      
 
Among all the NCs made via a two blade stirrer, the TC-GMA-NDD showed a higher 
toughness improvement (9.43%) than the other NCs.  For the NCs made via a dissolver disk, 
TC-GMA-NDD also showed the highest reinforcement effect (16.48%).  In addition, the 
fracture toughness results also show that the NCs (reinforced by 0.25wt% TC-GMA-CNTs) 
made via a dissolver disk had better toughness improvements (from pure epoxy) than the TC-
GMA-NDD NCs made via a two blade stirrer. For NCs reinforced by TC-GMA-CNTs, the 
NCs made via a dissolver disk showed a 7.05% further improvement from the NCs made via a 
two blade stirrer.   
 
The dispersion state of a TC-GMA-NDD NC was checked by viewing its polished cross section.  
The taken image was shown in Figure 5.16-(a).  The polished cross section image of the 
specimen NH2-CNT-NDD is put together for comparisons.  From Figure 5.16, it suggests that 
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the GMA grafted CNTs/epoxy mixture showed a homogenous CNT dispersion state.  Only one 
bundle in 30µm scale was found in the polished cross section of the sample.  It can be judged 
as a good CNT dispersion, the “good CNT dispersion” means that there are no CNT bundles 
larger than 10µm in the NCs3,108.   Meanwhile, the NH2-CNT/epoxy mixture showed a slightly 
poorer CNT dispersion state.  A number of CNT bundles at 50µm scale were found.  Compared 
to AR-CNT dispersion state shown in Figure 5.13, it is clear that the dispersion state of NH2-
CNT/epoxy mixture is similar to the AR-CNT/epoxy mixture (from the numbers of CNT 
bundles and the sizes of them).  Therefore, the ranking of those CNT dispersion states should 
be: TC-GMA-CNT>NH2-CNT≈AR-CNT.  The good CNT dispersion state of the TC-GMA-
CNT/epoxy mixture can be concluded as the grafted GMA group has a high miscibility with 
the epoxy, as discussed previously.   
 
For the TC-MMA/epoxy NCs, it has a good miscibility in the epoxy and reinforced the epoxy 
effectively.  However, it was found that the using of dissolver disk did not toughen the material 
to a further extent.  For the NCs made via a two blade stirrer, the fracture toughness 
improvement of the TC-MMA-CNTs reinforced NCs (5.00%) was higher than NCs reinforced 
by the commercial functionalised CNTs and AR-CNTs, respectively.  However, for the NCs 
made via a dissolver disk, the TC-MMA-CNTs showed the lowest reinforcing effect (5.73%) 
than all the other CNTs.   Possibly, for TC-MMA-CNTs, by the using of the two blade stirrer, 
an optimised CNT dispersion state had been achieved.  While for other NCs, changing the 
stirrer helped with the CNT dispersion, thus their fracture toughness results were improved.    
However, the dispersion states of the TC-MMA-CNTs reinforced NCs need to be checked to 
confirm it.   
 
For the commercial functionalised CNTs, their reinforcing effects in the NC fracture toughness 
were similar with the as-received CNTs.  For the NCs made via a two blade stirrer, the fracture 
toughness improvement of the NH3-CNTs was 2.33%, while it was 2.17% for the AR-CNTs.  
For the NCs made via a dissolver disk, the numbers were 8.04% and 10.31% respectively.  
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Figure 5.16.  Polished cross section images, under DIC lens, 0.25wt% TC-GMA-NDD (a), 
0.25wt% NH2-CNT-NDD (b).  The CNT bundles are marked by white arrows. The arrows of 
the thickness/width/resin flow directions only show the planes of the directions, not the 
practical directions.  Because the samples were rotated under the OM.      
 
For the NH3-CNTs reinforced NCs (made via a two blade stirrer), in the tensile test their 
improved interfacial CNT/epoxy bonding was overshadowed by their poor dispersion state and 
damaged CNT scaffolds.  It leads to a reduced elongation from the pure epoxy.  However, in 
the fracture toughness, the same material showed a slightly enhanced property from the pure 
epoxy.  The reason can be concluded to the contributions of the inner CNT layers in the test.  
Because in the fracture toughness test, part of the material was compressed and the inner layers 
of the MWCNT worked as effective reinforcements under such circumstance.  In addition, by 
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using the dissolver disk, the fracture toughness improvement of the NH3-CNT-NDD NCs was 
higher than the NH3-CNT reinforced NCs that were made via a two blade stirrer.  The 
dispersion state of the NH3-CNTs was possibly improved due to the introduction of the 
dissolver disk (a higher shearing force) in the sample preparations.  Although the NH3-CNT-
NDD NC still showed similar fracture toughness improvement with the AR-CNT-NDD NC, it 
showed a higher improvement than the TC-MMA-CNT/epoxy NC (made via a dissolver disk).  
 
The dispersion state of another commercial functionalised CNT, NH2-CNT, in the epoxy was 
checked.  The taken image is shown in Figure 5.16-(b).  As discussed previously, the dispersion 
state of the NH2-CNTs in the epoxy is similar with AR-CNTs (non functionalised CNTs).  It 
seems to do not agree with the results from past papers.  From past papers, it was shown that 
the amine group can improve the CNT dispersion state in the epoxy because the amine group 
has strong interactions with the epoxy64,109. The poor dispersion state of the NH2-CNTs in this 
project can be concluded to an amine-epoxide reaction during the CNT mixing.   
 
In order to find out the explanation, close views to an as-received CNT bundle and an NH2-
CNT bundle were conducted.  Their polished cross section images are presented in Figure 5.17.  
In Figure 5.17 (a), it can be seen that the NH2-CNT bundle has a highly intense structure (all 
CNT rich area in the CNT bundle area). In contrast, in the as-received CNT bundle in Figure 
5.17 (b), it shows a relatively loose structure.  The structure difference may provide an evidence 
to prove the “shell-like” hypothesis purposed in the previous section.  The amine functionalised 
CNTs on the outer surface of the CNT bundles reacted with the epoxy, in some of the 
preparation steps, and form a “shell-like” structure.  The CNTs inside the bundles could not 
get out and be subjected to shearing forces once the “shell” had formed.  In contrast, the as-
received CNT bundles underwent a shearing/mixing process through the whole sample 
preparation process.  Therefore, some part of them might have been sheared to a relatively 
loose structure, as shown in Figure 5.17.  Therefore, the NH2-CNT bundle has a highly intense 
structure while the as-received CNT bundle did not.   
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Figure 5.17.  Polished cross section images, under DIC lens, an NH2-CNT bundle (a) and 
an AR-CNT bundle (b), Y face, both were made via the NDD and the CNT loading were 
both 0.25wt%.  The CNT bundle/matrix are marked by red arrows.  The CNT poor areas 
are marked by red arrows and red ovals. 
 
However, in this project, whether the NH2-CNT did react with the epoxy had not been 
confirmed yet.  The curing dynamic study of the f-CNTs/epoxy reactions during the sample 
preparation, is necessary.  In addition, the structures of the “shell-like” structure need to be 
checked by a microscope with high magnification, for example, SEM.  In addition, the 
dispersion state of the NH2-CNTs in the epoxy reveals that a further improved dispersion 
scheme is possible if some modifications could be conducted to the current setup.  However, a 
detailed study is needed.  So far, there is no evidence shows that the current setup for CNT 
mixing could achieve a completely homogeneous CNT dispersion state, for each type of CNTs.  
CNT bundle 
CNT bundle 
(b) 
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However, for comparing the reinforcing effect differences between different CNTs, the current 
CNT dispersion state is acceptable.   
 
5.3.3 The failure mechanisms of the NCs reinforced by different f-CNTs 
 
The failure mechanisms of the fracture toughness test specimens were revealed by taking SEM 
images to their fracture surfaces.  In this study, the samples pure epoxy, AR-CNT-NDD, TC-
GMA-NDD and NH3-CNT-NDD were viewed.   
 
The overviews of the choose samples are presented in Figure 5.18.  In can be seen that the 
order of surface roughness is: 
 
TC-GMA-NDD > NH3-CNT-NDD > AR-CNT-NDD > Pure epoxy 
 
This result agrees with what have been discovered from viewing the fracture surfaces of the 
tensile samples.   
 
Close looks on the fracture surfaces of the NCs were taken by an SEM.  For each sample, 
images with higher magnifications were taken in three positions, one in the mirror zone, one in 
the mist zone (boundary of the mirror zone and the hackle zone) and one in the hackle zone.  
For all the samples, between each of them, the chosen mirror/mist/hackle zones are all about 
at the same area for a systematic comparison of the failure mechanism.     
 
The details of the mirror zone of the pure epoxy/AR-CNT-NDD/TC-GMA-NDD/NH3-
CNT/NDD sample are shown in Figure 5.19, Figure 5.20, Figure 5.21 and Figure 5.22 
respectively.  From these figures, especially the figures at magnifications of 50 and 200, it can 
be seen that in the mirror zones, TC-GMA-CNTs initiated more cracks than the other three 
kinds of CNTs.  It indicates that the toughening effects of the TC-GMA-CNTs were stronger 
than the other CNTs.  When the magnification goes up to 500 and 1000, the patterns of the 
cracks between different NCs are generally similar.  In these two magnifications, the cracks 
appear as straight lines.  It is possible because of the fast failure speed in the mirror zone.  In a 
fast failure process, the CNT toughened area did not have enough time to response and just 
broke under a fast pace.     
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Figure 5.18.  The SEM images of the fracture surfaces of the NCs.  They are: Image (a) ---Pure 
epoxy, Image (b) ---AR-CNT-NDD, Image (c) ---TC-GMA-NDD, Image (d) ---NH3-CNT-NDD.  
The meaning of the abbreviations can be found in Table 5.1.  For the CNT/epoxy NCs, they were 
made via a dissolver disk and their CNT loadings were all 0.25wt%. 
 
 
(b) (a) 
(d) (c) 
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Figure 5.19. SEM images of the fracture surface of the pure epoxy (fracture toughness 
sample), mirror zone.  The red rectangle in each image roughly marks the magnified zone 
in the image next to it ( the one with higher magnification).  The white stuffs appeared on 
the images with magnification higher that 200 were ashes. 
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Figure 5.20. SEM images of the fracture surface of the 0.25wt% AR-CNT-NDD sample 
(fracture toughness sample) , mirror zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).   In Image 
(c), (d) and (e), the crack growth paths from an area are marked by red arrows.  The white 
stuffs appeared on the images with magnification higher that 200 were ashes. 
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Figure 5.21. SEM images of the fracture surface of the 0.25wt% TC-GMA-NDD sample 
(fracture toughness sample) , mirror zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes. 
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Figure 5.22. SEM images of the fracture surface of the 0.25wt% NH3-CNT-NDD sample 
(fracture toughness sample) , mirror zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The image at 
1000 magnification was not been taken because it was difficult to get a focused image for this 
particular sample  at this magnification.  The white stuffs appeared on the images with 
magnification higher that 200 were ashes. 
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Figure 5.23. SEM images of the fracture surface of the pure epoxy (fracture toughness 
sample) , mist zone.  The red rectangle in each image roughly marks the magnified zone in 
the image next to it ( the one with higher magnification).  The white stuffs appeared on the 
images with magnification higher that 200 were ashes. 
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Figure 5.24. SEM images of the fracture surface of the 0.25wt% AR-CNT-NDD sample 
(fracture toughness sample), mist zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes. 
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Figure 5.25. SEM images of the fracture surface of the 0.25wt% TC-GMA-NDD sample 
(fracture toughness sample), mist zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes. 
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Figure 5.26. SEM images of the fracture surface of the 0.25wt% NH3-CNT-NDD sample 
(fracture toughness sample), mist zone.  The red rectangle in each image roughly marks the 
magnified zone in the image next to it ( the one with higher magnification).  The image at 500 
and 1000 magnification was not been taken because it was difficult to get focused images for 
this particular sample at these two magnifications.  The white stuffs appeared on the images 
with magnification higher that 200 were ashes.   
 
The details of the mist zone of the pure epoxy/AR-CNT-NDD/TC-GMA-NDD/NH3-
CNT/NDD sample are shown in Figure 5.23, Figure 5.24, Figure 5.25 and Figure 5.26 
respectively.  From these figures, it can be seen that in the mist zones, the main cracks in the 
mirror zones were branched.  Among the NCs, TC-GMA CNTs showed the strongest branching 
effect than the other CNTs.  In Figure 5.23-(d) and (e), on the fracture surface of the pure epoxy 
sample, a clear “coast line” structure can be seen.  It indicates that the epoxy failed in a brittle 
mode.  Also for the AR-CNTs and NH3-CNTs, compared to the pure epoxy, significant 
stronger branching effects can be seen.   
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Figure 5.27. SEM images of the fracture surface of the pure epoxy (fracture toughness 
sample) , hackle zone.  The red rectangle in each image roughly marks the magnified zone 
in the image next to it ( the one with higher magnification).  The white stuffs appeared on 
the images with magnification higher that 200 were ashes. 
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Figure 5.28. SEM images of the fracture surface of the 0.25wt% AR-CNT-NDD sample 
(fracture toughness sample), hackle zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes.  
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Figure 5.29. SEM images of the fracture surface of the 0.25wt% TC-GMA-NDD sample 
(fracture toughness sample), hackle zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes. 
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Figure 5.30. SEM images of the fracture surface of the 0.25wt% NH3-CNT-NDD sample 
(fracture toughness sample), hackle zone.  The red rectangle in each image roughly marks 
the magnified zone in the image next to it ( the one with higher magnification).  The white 
stuffs appeared on the images with magnification higher that 200 were ashes.   
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The details of the hackle zone of the pure epoxy/AR-CNT-NDD/TC-GMA-NDD/NH3-
CNT/NDD sample are shown in Figure 5.27, Figure 5.28, Figure 5.29 and Figure 5.30 
respectively.  From the figures of the NCs, it can be seen that, for the CNT reinforced NCs, the 
cracks were diverted in the hackle zone and the fracture surfaces show high degrees of 
roughness.  Be compared with the NCs, the pure epoxy sample did not show a similar 
phenomenon.  In Figure 5.27, it is clear that only few cracks were diverted.  In the NCs samples, 
TC-GMA-CNTs showed the strongest branching effect than the other CNTs in the hackle zone, 
which is the same as what they did in the mirror zone and hackle zone. 
 
Based on the information revealed by the SEM images, together with the fracture toughness 
results discussed previously, it can be concluded that in the fracture toughness tests, the epoxy 
was effectively toughened by CNTs.  For the as-received CNTs, the dissolver disk further 
excited the potential of the CNTs.  The improved dispersion state made them effective fillers 
in improving the fracture toughness of the epoxy.  For the TC-GMA-CNTs, they showed a 
more effective reinforcing effects among the other CNTs.  For the TC-MMA-CNTs, replacing 
the two blade stirrer with a dissolver disk did not make their reinforcing effects in the NCs 
better.  The TC-MMA-NC made via a dissolver disk showed the lowest fracture toughness in 
all the NCs made via the same procedure.  For the NH3-CNT reinforced NC, the using of the 
dissolver disk made the NC tougher than the TC-MMA-NDD NC, but still not higher than the 
AR-CNT-NDD NC.      
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Chapter 6: Conclusions and future works 
 
6.1 Conclusions 
 
A series of NCs contain a DEGBA epoxy matrix and six types of different CNTs were made 
using a high shearing method.  The six different CNTs are: as-received CNTs, two 
thermochemical grafted CNTs (grafting chemical: GMA and MMA), three commercial 
functionalised CNTs.  An optimised high shearing method, using a two blade stirrer/dissolver 
disk, were optimised to achieve an efficient CNT dispersion state to compare the mechanical 
reinforcing effects of different CNTs.   
 
In the tensile tests, the NCs (made via a two blade stirrer) did not show significant mechanical 
property improvements due to the low CNT loading (in this project, 0.25wt%) and the 
concentric structure of the CNTs (MWCNTs).  Only the thermochemical grafted CNTs showed 
improvements on elongations (strain improvements from the pure epoxy: 18.12%).  It can be 
correlated to the improved miscibility in the epoxy, while the original scaffolds of the CNTs 
were maintained.  Meanwhile, significant reductions on the elongation from the pure epoxy 
sample were found in the NCs reinforce by commercial functionalised CNTs.  The elongation 
reduction can be correlated to the poor dispersion state of the commercial CNTs and the 
damaged CNT scaffolds.  In addition, it is supposed that part of the amine functionalised CNTs 
reacted with the epoxy during the sample preparation and form defects in the NCs.   
 
In the fracture toughness tests, the TC-GMA-CNT reinforced NCs (made via a dissolver disk) 
showed the most significant fracture toughness improvement (16.48%) from the pure epoxy 
among all the other NCs.  Meanwhile, it was found that by changing the mixing stirrer from a 
two blade stirrer to a dissolver disk, the fracture toughness improvements of the NCs increased.   
 
The reinforcing mechanism of the CNTs in the tensile/fracture toughness tests was explained, 
using the information gained from the fracture surfaces.  It was found the TC-GMA-CNTs 
showed a significant contribution in the crack deflection process during the failure of the NCs.  
The strong crack deflection effect can be correlated to the strong interfacial bonding between 
the TC-GMA-CNTs and the epoxy.  For the NH3-CNTs, although they have strong interfacial 
bondings with the epoxy as well, their poor dispersion hindered them from joining the crack 
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reflection process.  The AR-CNTs showed less crack deflection effects than the NH3-CNTs, 
due to a weaker interfacial bonding.  However, because of their undamaged structure, under 
the effect of high shearing CNT separation (using a dissolver disk), the AR-CNT reinforced 
NCs showed a similar reinforcing effect with the NH3-CNTs reinforced NCs.    
 
 
6.2 Suggested future work 
 
6.2.1 Vacuum assisted high shearing system 
 
To achieve a more effective CNT dispersion state from the current set up, to further improve 
the CNT dispersion state or enable to make NCs with high CNT loadings, potentially, a vacuum 
stirring system could be built in the future. The samples made via HS in this report were found 
to have a high void proration thus they showed unsatisfactory mechanical properties.  Past 
studies have shown that the voids are easier to be extracted if the stirring is conducted under 
vacuum110.   
 
6.2.2 Effect of different CNT loading 
 
In this project, due to the high viscosity of the epoxy, NCs with a 0.25wt% CNT loading had 
been made.  In order to further explore the potential of the CNTs, it will be worth to make NCs 
with higher CNT loadings.  With the assistance of the vacuum system introduced in Section 
6.2.1, this goal could be possibly achieved.     
 
6.2.3 Curing dynamic 
 
Some of the functionalised-CNTs used in this project contains chemical groups that could react 
with epoxy/hardener, which could change the curing dynamic of the NCs.  However, this part 
of study was not conducted in this project.  By examining the curing dynamic of the made NCs, 
using an DSC, the energy requires to cure/curing temperature/curing time of the NCs could be 
determined.  In addition, the changing of the chemical structure of the NCs can be recorded by 
examining the NCs in curing.  The suggested method is the examining of the samples in curing 
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using fourier transform infrared spectrometer, every 10 or 15 minutes.  It could help with the 
explanation of the enthalpy changes differences between different NCs, in the curing process.    
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